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FOPEWORD

This bulletin is the fourth edition of one of a series of publications issued
as a result of cooperation between the Safety in Mines Research Board of Grest
Britain and the Bureau of Mines, United States Department of the Interior.
Under this cooperative arrangement, begun in 1924, the exchange of personnel
and data permitted intensive investigation of specific problems dealing with the
prevention or abatement of accidents in mines. The determination of con-
stants such as the limits of flammability and explosibility of gases and duats
encountered in mines and the mineral industries was part of the cooperativa
program.

Dr. H. F. Coward, of Sheificld, England, was detailed by the British
Safety in Mines Research Beard in April 1925 to the experiment station of the
Bureau of Mines at Pittsburgh, Pa., to make a cooperative study of certain
chemical and physical factors connected with the initiation and propagation
of flame in different gases under various conditions. G. W. Jones, of the
Burcau of Mines, was detailed to work in association with Dr. Coward.

A knowledge of the limits of fintnmability of methsne and of the distilla-
tion products OF cogl in air and in partly vitiated atmosphere is of fundamental
importance iu the study and prevention of mine explosions., Likewise, a
knowledge of the flammable limits of gasoline and benzol vapors, natural and
manufsctured gas, blast-furnace gas, hydrogen, acetylene, and many other

ases is of equal importance in preventing gas explosions and fires in the metal-
urgical, petroleum, gas-manufacturing, and reiated industries.

Substances that a short time ago were found infrequently, even in the
laboratory, are being used on a large scale us anestheties, insecticides, solvents
for lacquers and resing, ete., and some of them form dangerously explosive
mixtures with air. The importance of such data is shown by the increasingly
frequent, inquiries received by the Bureau of Mines for information oun the
limits of flammuability of various gases and vapors when mixed with aiv or
other “atmosphere.”” Data on limiis are widely scattered in the litcrature,
and many of the figures scern conteadietory,  In the followin s cages they have
been arranged, coordinated, and critically reviewed. The opportunity has
been taken to include n number of results that have not hitherto been published.
There are now 1535 substances in the summary of fiammability limits in air
and in oxygen as against 26 in the first edition.

A. C. FIELDNER,
Chief Fuels Technologist.
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LIMITS OF FLAMMABILITY OF GASES AND VAPORS'

By
H. F. Coward 2 and G. W. Jones?

PART I. DETERMINATION OF LIMITS

DEFINITIONS

A FLAMMABLE mixture of gases, such as
methane and air, may be diluted with
one of its constituents or with other guse:

until it s no longer flammable.  The dilution
limit of lamwmebility, orsimply the limit of flam-
mability, is the borderline composition; a shght
change in one direction produces a flammable
mixture, in the other direetion a nontlammable
mixture.

There ure elearly two limits of flammalality,
a lower and a higher, for cach pair of so-callid
combustible gases and supnorters of combusiion,
The lowor lunit corresponds o the minimun
amount of combustible gas and the higher or
upper limit to the mueximum ameount of com-
bustible gus capuble of conferring flammability
on the mixture.  For oxample, for methune-
cit mixtures these Himits under normal condi-
tions are approximately 5 and 14 pereent
methane, respectively.  Mixtures within these
limits liberate enough energy om combustion
of anv one fuyer to jgnite the neighboring layer
of unburned gas and are therefore capable of
self-propagation of flame; others  are  not.
Mixtures richer than 14 percent methane,
however, niay burn on contact with external
air, for mixtures thet cmntain less tha 14 per-
cent methane are fo o in the zone where the
gases mingle.

The experimentsl determinatic ) of limits of
flammability is more difficult than may be
expected, as ix shown by the contradictory
figuces reperted from time to time. This bulle-
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tin presents the results of a eritical review of all
figures published on the himits of flummability
of combustible gases and vapors when admixed
with air, oxyvgen, or other “atinosphere.”  Sus-
pended dusts and liquid mists are not consid-
ered, exeept in one or two instances in which
direct comparison can be made with vapors.

CONDITIONS FOR PROFPAGATION OF FLAME
IN MIXTURES OF GASES

SOURCE OF IGNITION

When a source of heat of sufficient size and
intensity is introduced into a weak mixture,
some combustion oecurs, even when the mix-
ture 15 inccpable of self-propagation of flame.
This s often visible as a “cap’ of flame, which
may be large if the source of heat is ample.
The flame enp may be fixed in velative position
to the source of ignition, as in o miner's tame
lamp burning in a gassy atmosphere, or may
become detackied from the source and float for
& Hmited distance in a moving atmosphere, or
may travel away 2 or 3 feet from an initiatin
spark or flame in a stil atmosphere (236).
Such flames are not scelf-propagating, as they
are extinguished when the influence of the source
of yrnition is ost.

Whon a weak sonree of ignition is employed,
some flammable mixtures, especially those near
the limits, may not inflame. The source o
ignition 18 not strong enough to be satisfactory
for the test.

As the test concerns the capability of the
mixture to propagate flame, not the capscity
of the sowce of energy to initiate flame. it 18

¢ Halicized nuribers in parcntheses refer to Biblogruphy s\ end of this
bulletin.

1




2 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

axiomatic that the linits are unaffected by
variations in the nature and strength of the
source of ignition. When statements are made
that limits vary according to the means of
ignition, it is clear that the observers used
either such strong sources of ignition that the
caps of flame gave the appearance of general
inflammation or such wesak sources that flame
was not started in mixtures which were, in fact,
flammable. Under these conditions ther were
determining the limits of ignitibility by the
articular sources of ignition they used, nct the
Fimit,s of flammability of the mixture itself
(63, 227).

DIRECTION OF FLAME PROPAGATION

When a source of ignition, such as an electric
spark or a flame, is introduced into a flammable
mixture, flam: tends to travel away from the
source in all direetions. In a very large volume
of mixture the form of the zone of combustion
would be a spherical shell of increasing radius
were it not that the hot expanded products of
combustion tend to rise and hence to introduce
convection currents. Flame cannot travel
downward when the upward movement of the
gases, due to convection, is faster than the
spead of flame in a still mixture, as happens in
weak mixtures near the limits of flammability.
Hence, near each limit there is a range of mix-
tures that will propagatc flame upward but not
downward. These may correctly be termned
“fammable mixtures,” ac it is ouly necessary
to ignite them unear their lower confines e
observe self-propagating flame traveling to the
higher confines. The gentle convection current
set up by the flame increases the apparent
speed of flame but. as far as is known, does not
enable flame to travel when in the absence of
convection cffects it wouid not be propagated
(68). It seems correct, therefore. to cobsevve
upward propagating flames when defining the
limits of flammability of gas mixtures; but, for
somc purposes, it is desirable to know the limits
of flammability for propagation of flame in
other directions (33). Such limits when de-
termined are included in the experimental
results given in this bulletin,

For safety in industrial operaticns it is
generally wisest to consider the limits for up-
ward propagation as the danger line, since
these limits are wider than those for horizontal
or downward propagation of flame.

DIANETER CF VESSEL

The propagation of flame depends upen the
trausfer or energy from the burned to the
neighborig unburned gas, and in & limit mix-
ture the amount of energy available for tranafer
is only just enough to maintain flame propa-
gation; therefore, anything that reduces the

available energy will affect the limits. Hence,
it is necessary to male observations in vessels
wide enough that the effect of cooling by their
walls is negligible.

The observed limits of flammability are
almost always widened as tube diameter is
increased, rapidly at first and more slowly
afterward, so that increase of diameter above
5 cm. rarely shows more than a few tenths of
1 percent increase in the vange of flammability;
many examples of this may be found in the
ta.buiatod results in the foilowing pages, but
there are a few notable exeeptions. For
example, while the higher limit (downward or
horizontal propagation of flame) of acetylene-
air mixtures is much increased by enlarging
the 1iieter of the vessel beyoud 5 em., the
higuer limits (upward propagation of flame)
of hexene and ethylene are much reduced.
Moreover, the abnormal “cool flame’ in higher-
limit acetone-air mixtures appears to be able
to travel upward in certam mixtures in a
2.5-cm. tube but net in 5- or 7.5-cm. tubes,
With few exceptions, however, the general
rule holds.

LENGTH OF VESSEL

When flame travels from the open end of &
tube toward the closed end, its speed is uniform
over a distance that depends on the composi-
tion of the mixture and the dimensions of the
tube; the inflammation of one layer of gas re-
peats the inflammation of any other layer in
the “uniform movement’ of flaine. Soouer or
later vibratory movement of the flame may re-
place the uniform movement; but this is rarely
observed in limit mixtures. When it has hap-
pened, however, the simple expedient of hold-
ing & pad of cotien wool loosely against the
open end of the tube has suppressed any tend-
ency to vibration withoit sensibly hindering
maintenance of constant pressure conditions,
The flame then travels throughout the tube at
uniform speed; and variation in length of the
tube, provided it is long enough (say, 4 feet)
for the initial impulse 0? the source of ignition
to be dissipated, has ro effect on the limits
obscerved therein.

In experiments with closed tubes, however,
it 18 untrue that the length of tube does not
affect the results,  The longer the tube the
smaller must be the pressure attained ducing
propagation of a limit flame, because in longer
tubes the gases behind the flame have time to
cool more before the flame reaches the end of
its journey. Schiitzenberger (303) showed leng
ago that the observed limits in closed tubes are
affected by the length of tube. In experiments
with mixtures of 10 percent hydrogen and 90
percent oxygen he found that there was “a
maximum length of column oi gas, beyond
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which flame is propagated only a short way
from the spark, whilst 1t can be propagated for
lesser lengths” (of column of ges). An elab-
orate experimental study has confirmed and
extended these observations (322).

EFFECT OF SMALL CHANGES IN ATMOSPHERIC
COMPOSITION

Humidity.—Some gas mixtures are exceed-
ingly diflicult to ignite if they have been dried
by long-continued contact with phosphorus
pentoxide. Such a degree of dryness is peculiar
to the laboratory and is not considered in the
present review.

Limits have sometimes been determined with
roughly dried mixtures in which the partial
pressure of water vapor is less than 1 mm.,
sometimes with mixtures saturated with water
vapor at the temperature of the laboratory.
The condition of humidity has not always been
stated, perhaps because it has been assumed to
be neghgible. Probably the difference is ap-

reciable for most gases only in exact work.

hus, the lower limit of methane in air, in cer-
tain comparative experiments, was found to be
524 percent for a mixture dried by calcium
chloride and 522 percent for one saturated
with water vapor at laboratory temperature,
These are actual percentages and are equal
within experimental cerror; but, as usually re-
ported from analyses caiculated on a dry basis,
they appecr as 5.24 and 5.33 percent, respec-
tively. For mevhane, therefore, the true lower
limit is not npprvciubiy affected by the replace-
ment of about 2 percent of air by an equal
volume of water vapor.  The higher limit, how-
ever, is reduced by such a replacement, because
the oxygen content, which is less than the
amount required to burn the methane com-
pletely, is tiwreby redueed.  For example, the
corresponding higher limits for methane in dry
and in satarated air are 14.02 and 13.54 per-
cent, respectively; expressed on a dry basis (as
reported  analytically) these figures become
14.02 and 13.80 percent, respectively (69).

Carbon monoxide shows greater differences
than methane. The lower limit of carbon
monoxide in air ssturated with water vapor
at laboratory temperature was 13.1 percent
for upward nropagation of flame in a 2-mch
tube; if the gases were dried by paasage over
caleium chlende, the lower limit became 159
percent (79).  Such a large difference is excep-
tional, perhaps unique, as moderate drying
of carbon monoxide-gir mixtures affects their
puition temperatures and flame speeds more
than it affecta these properties of any other
gas hitherto examined.

Oxygen Content.—The lower limit of meth-
anc-air mixiures and of some, probably all,
other mixtures is not appreciably afected by

small changes in the oxygen content of the air.
The higher limit is noticeably depressed by a
small reduction in oxygen content, becauss &
corresy. 2dingly smaller amount of the com-
bustible gas can burn. Thus, reduction of
the ¢ ;en content of the air from 20.9 to 20.6
percent epressed the higher limit of methane
about 0.3 percent. (See fig. 20.)

PRESSURE

The normal variations of atmospheric pres-
sure do not appreciably affect the limits of
flammability, as has {een shown both by
direct observation and by deduction from the
course of curves showing the variation of limits
over :nuch wider variations of pressure than
those of the atmosphere (14, 17, 95, 164, 225,
235, 309).

'The effect of larger variations in pressure is
neither simple nor uniform but is specific for
cach flammable mixture. So far as is known,
reduction in pressure below 760 mm. generally
narrows the range of flammability by raising
the lower limit and decreasing the higher
Jlimit, This change is often imperceptible for
the firsy few hundred millimeters’ fall in pressure
below atmospheric, but thereafter the effect
increases unti at a suitably low pressure the
limits coincide; below this point no mixture
can propagate Hame (64, 171a, 180).

The limiting pressure is somewhat difficult
to find, because often it is so low that the
difficulty of insuring a powerful enough source
of ignition has not certainly been overcome.
For example, in electrolytic gas a flame that
filled & 570-cc. globe has been produced at
5 mm. pressure, and with the same mixture
flame traveled through a cylinder 2 meters
long at 8 mm. pressure (66). At such pressures
the electric discharge used to test the flam-
mability was diffuse and if made stronger
might Kave produced self-propagating flames
at still lower pressures. ¥or this reason the
rate at which the lower- and higher-limit
curves approach one another as the Dpreasure
ie decreased will cppear to depend on the
strength of the source of ignition, unless the
source i8 carcfully made strong enough to
insure i%rnizion and the vessel used is large
envugh for the flame to travel such a distance
from the source as will enable observers to see
whether the mixture is capable of self-propa-
gation of flame, This has not been done, a0
the course of limit curves at very low pressures
is unknown. In atwempting to discover the
course of auch rurves, the difficulty of mun-
taining constant pressure during the inflam-
mation will have o be surmounted. However,
it is almost certain that whatever may be the
exact course of the curves they do approsch
and ultimately meet as the pressure is desieased.
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Increase of pressure above that of the at-
mosphere does not always widen the hmits.
On the contrary, the range of flammability of
some mixtures is narrowed by increase of

ressure, so that a mixture that can propagate

ame at atmospheric pressure may not be able
to do so at higher pressures. For such mix-
tures the lower limit may pass through a mini-
mum and the higher limit through a maximum
at pressures (not necessarily the same) equal
to or greater than that of the atmosphere (277,
324). Details are given in the parsgraphs on
the effect of pressure on the individual mix-
tures, more especially those of air with hydrogen,
carbon monoxide, the simpler paraftin hydro-
carbons, natural gas, and ethylene.

Attention may be called to the observations
that the range of flammability of hydrogen-air
and carbon monoxide-air mixtures (downward

ropagtt;tion of flame) is narrowed at both
imits by moderate increases of pressure above
atmospheric and that under the same conditions
the range of each of the zases of the paraffin
series, with air, is narrowed at the lower-limit
side (by moderate increase of pressure beyond
a certain critic. 1 value) but widened at the
higher-limit side. 't has been suggested that
the loss of heat b convection is greater at high
pressures than at iow, as density differences are
greater at high pressures, therefore that the
range should be narrowed at both limits when
flame is traveling downward. This . wuld ex-
plain the results for hydrogen (both limits,
moderate pressures), carbon monoxide (both
limits, all pressures), and the paraffin gases
(low limit only, moderate pressures).  BSuper-
posed on this cffect is another, however.  Ac-
cording to the law of mass action, and assuming
complete oxidation in one stage, the rate of
reaction at conatant temperature 18 greatest in
methane-air mixtures when 33.3 percent meth-
ane i3 present.  The mass-action effect be-
comes a more important fector as the pressure
is raiscdd and bicnee tends to rase the higher
limit in methane-air mixtures with inerease of

ressure. A similar explanation may be given
or higher-limit curves of the other paraffin
hydrocarbons.  For hydrogen aud carbon mon-
oxide, however, the mass-action law indicates
that the 66.7-percent mixture has the greatest
rate of reaction at constant temperature.  As
the higher limit of cach of these grses is above
86.7 pereent, the ceffect of mars action would
not ‘end to reverse the offect of convection
{#77). The more recently discovered rise in
the higher limit of hydrogen at pressures from
10 to 220 atmospheres calls for explanation
along other lines {14, 17).

'l‘lge foregoing argument ¢n the influence of
convection on the limits of fammability was
applied to results of experiments on downward

propagation of flame. The argument was sup-
ported by the discovery that for Lorizontal
propagation, in which the flames could not be
retarded by convection and might even be
assisted, the lower limit of methane in air re-
maiied unaltered between 760 and 5,000 mm,
pressure, and the higher limit was increased
even more than for downward propagation
2.

With only one exception known to the writers
(104), all measurements of limits at pressures
above or below atmospheric have been made in
closed vessels, hence the results relate to pres-
sures that inereased at an unkiswn rate and
to an unknown amount during the experiment,
The rate and amount would vary Wibfl the size
and shape of the container,

The same eriticistu applies to experiments in
closed vessels when the pressure is initially
atinospheric; the results obtained ave a function
of the L'ngth of the vessels used, as this governs,
in part, the rate and amount of pressure
development (63).

TEMPERATURE

To propagate flame, the layer of unburned
gas next to the burning layer must be brought
to such a Comperature that it will “burst into
flame” ravid'y. I the unburned gas is alveady
at a temperature above that of the laboratory,
less heat has to be supplied from the burning
jayer; therefore the lower limit should be de-
creased by increase of initial temperature and
the higher limit should be inereased.  In other
words, the range of flammubilicy should be
widened at both limits by inerease of temper-
ature,

Experiment has shown that, for moat mixtures,
there is a straight-line relation between the limit
of flammability and the mitinl temperature of
the mixture (338).  This relation was obscured
in earlier experiments by errors due to slow
combustion, which changed the composition of
the mixture while it was i the beated vessel
and before it was tested by sparking. The
same error presumably explaing those results
in which a widening of the range of flamma-
bility was not observed,

Ordinury veriations of laboratory tempera-
ture have ne apprecisble effect on limits of
flammalniity.

TURBULENCE

Few observatiens have been made on the
eftect of turbulence on himits of flammability,
but it bas been shown that the lower limits of
methane and ethane in air are reduced some-
what by & suitable ameunt of turbulence pro-
duced cither by a {an or by stream movement
of the mixture and that the range of flatama-
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bility of ether-gir mixtures is somewhat widened
by stream movements,

Turbulence caused by fans or by the detona-
tion of explosives affects the lower limit of
natural gas somewhat. (See the paragraphs
that deal with these mixtures.)

LIMITS IN AIR COMPARED WITH LIMITS IN OXYGEN

In general, the lower limit ¢f a gas is nearly
the same in oxyger as in air, but very few
strictly comparable resuits are availavle to
show whether small differences exist. The
lower limit of methane, observed with central
ignition in a globe or with downward propaga-
tion of flame in a tube, is rather higher in oxygen
than in air (267, 277, presumably because the
nican molecular heat of oxygen is higher than
that of nitrogen between room temperature
and that of a limit flame, say, 1,200° to 1,400°
C. For upward or horizontal propagation the
lower limit of methane is slightlg' less in oxygen
than in air; the ammonia limit 15 markedly less
(271).  'The Ligher limits of all flammuble goses
are much greater in OXygen than in air; hence
the range of flammability is always greater in
oxygen.

EFFECT OF CHEMICALLY INERT SUBSTANCES

The adidition of increesing amounts of a
chemically inert substance to the atmosphere
causes the limits of a gas to approach and ulu-
mately to meet. Many exampies can be found
in the following pages. but the most complete
series available 18 {for methane hmits, as illus-
trated iIn figures 24 and 29, The extinetive
cfficacies of the five diluents, earbon tetra-
chloride, earbon dioxide, nitrogen, helium, and
argon, decrease in the order given, that is

COLCO >N > He AL

The experiments giving  these aesults  were
cartied out in tubes of 5 em. dinmeter. In tubes
of 2.2 em. duumeter the order of the last four
diluents, for several combustibles, is (351):

COHe>NTAL .

Instill parrower tubes, 1.7 and 1.6 em. diameter,
the order is (152, 283):

He ™ CO: N > A,

It will be seen that the order CO; >N, > A s
the same i all experiments, but that hebum
rends to aixe in effiency as the diameter of the
tube in which the experiments are made de-
crvases.  The effects of carbon tetrachloride,
carbon dioxide, water vapor, nitrogen, and
argon correspond  elosely with  their specifie
heats, but the very high thermal conductivity
of helium tends to give it an abnonnal position

00" 522

in the series; this effect is enhanced in the
narrower tubes because of the greater readiness
with which helium conducts heat fiom the
ﬁases to the walls of the tube, thus cooling the

ame in this way more than do the other gases
named (94).

From curves showing the effect of an inert
diluent on the limits of flammable gas in air,
it is easy to deduce (1) the minimum percentage
of oxygen that will support inflammation of
the mixture or the maximum permissible if
it is desired to make a nonflaminable mixture,
(2) the minimum percentage of inert diluent
that must be mixed with a combustible gas
if it is desired that none of its possible mixtures
with air can propagate flame. Many examples
are given later in the text. A graphical method
of deducing such results has been put forward
by Burgoyne and Williams-Leir (39), with
tabulated results. From these, with the add-
itional knowledge of the limits in air, it is
possible to make a more or less accurate re-
construction of the flammability-limit curves.

MIXTURES OF FLAMMABLE GASES AND VAPCRS

A simple formuis, of additive character,
was advanced by Le Chatelier (2718) to conncet
the lower limits of two guses with .i.e lower
limit of any mixture of them. It is

0 n»

AR Vit
in which N} and N; are the lower limits in air
for each combustible gas separately and n,
and n; gre the percentages of cach gas in any
lower-limit mixture of the two in air.

The formula indicates that, for example, a
mixture of pir, carbon monoxide, and hydrogen,
which contains one-quarter of the amount of
carbon monoxide and three-quarters of the
amount of hydrogen necessary to form a lower-
Jimit. mixture, will be a lowerlimit mixture.
If the formula is true, the lower limits of flam-
mability form a series of flammability squiv-
slents for the individual gases of a mixture
4.

The formula also rodicates that lower-limit
mixtures, if mixed in 20> proportiens, give rise
1o mixtures that are 22 at their lower limits:
or. vice verss, the fomula may be deduced
from the latter <o cent as s postulate (64).

The formul. ¢+ "o generalized to apply
to any number of v bustible gases, thus:

‘%‘l+:’+—\"+ =1,
and, so {ar as it expresses experimental res:lis
truly, may be applied to higher-limit mixtures,
with the appropriate rewording of the defi-
ntionof N, . . . and n, . . . .
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A small algebraic transformation gives a
more useful formula for calculating the limits
of any mixture of combustible gases that obeys
it (64), as fcllows:

b=
1\—'1+Nx Na+

in which L is the limit of the mixture of com-
bustible gases and p,, p,, ?3 . . . are the pro-
portions of each combustible gas present in the
original mixture, free from air and inert gases,
8o thai

prtpatpst ... =100

An example of the use of the formula will
make its application clear: The lower limit of
a “natural gas' of the composition

Percent Percent
Methane. ... .__.._ ... . . 80 (lovwer limit, 5.3)
Ethane__.___ ... . ... . 15 (lower limit, 3.22)
Propane............ e - 4 (lower limit, 2.37)
Butane__..... ... ... ..... - 1 (lower limit, 1.86)
is given by
L= 100 =4.55 percent,

80 , 15 4 1
satsmetaartise
The accuracy of the formula has been tested
carefully for many mixtures. The results are
discussed scparately in the appropriate sections
later. In general, it may be eaid that, whila
the formuls is often correct or very nearly so,
there are some marked exceptions. It seems
that the Jimits (lower and higher) of mixtures
of hydrogen, carbon monoxide, and methane,
taken two at a time or all tegether, ana of water
gas and coal gas may be calculated with
approximate accuracy (64). The same is true
for mixtures of thc simpler paradin hydro-
carbons, including “natural gas’ (74). Some-
times, however, the differences brtween caleu-
lated and observed vi'ies are vne’ large; for
examples, see figures 56 and 57. Many of the
greater discrepancies are found with upwerd-
propagating flames, esp. cially when one of tae
constituents is & vapor, siich 83 ether or acetone,
capable of giving rise to the phenomenon known
as 8 “cool flame’” (855). le Chatelier's law is
useful when its applicabilicy has been proved,
but it should not be appli~d indiscriminately.
Limite of Industrial Mixtures Contai ting
Hydrogen, Carbon Moooxide, Methene, Nitro-
gen, Carbon Dioxide, and Perhaps Air.—.An ex-
tension of the law to apply to other atmospheres
than air (95, 271, 272) is that, when hmit
mixtures are mixed, vhe result is 8 limit mixture,
provided that cll coastituent mixtures are of the
samse type; that iy, all are lower-limit mixtures
or all are higher-limit mixtures. This law holds,
for examnple, for methane in a ranﬁof oxygen-
nitrogen mixtures sad io air-carbon dioxide,

air-argon, and air-helium mixtures, except near
the point at which lower and higher limits
meet, where the proportion of inert gas is large.
It holds also for mixtures of hydrogen, methane,
and carbon monoxide, in a wide range of
mixtures of air, nitrogen, and carbon dioxide,
and may therefore be used to calculate the
limits of flammability of inine-fire gas mixtures
and of the atmospheres after a mine explosion,
of blast-furnace gas, of automobile-cxhaust gas,
and of the gases from solid explosives (133, 367).

A brief account of the method of calculating
limits of complex industrial gases, such as
those just mentioned, follows. Greater detail
will be found in the eriginal account (133).

The chief gases in these mixtures are hydrogen,
carbon monoxide, methane, nitrogen, carbon
dioxide, and oxygen. The procedure is as
follows:

1. The composition of the mixture is first
recalculated on an air-free basis; the amount
of cach gas is expressed as a percentage of the
total air-free mixture.

2. A somewhat arbitrary dissection of the
air-free mixture is made into simpler mixtures,
each of which contains only one flammable
(g‘as and part or all of the nitrogen or carbon

ioxide.

3. The linits of each mixtuwe thus dissected
are read from tables or curves. (See figs. 1
and 2.)

4. The limits of the air-free mixture are
calculated from the figures for the dissected
mixtures obtained in (3), by means of the
equation:

where py, p3, p2 . . . ate the proportions of the
dissected mixtures, in pereentages, and Ny, N,
and Ny . . . are their respeetive limits,

5. From the limits of the air-free complex
mixture thus obtained the limits of the original
complex mixture are deduced.

The following is an example of the calcula-
tion applied to a mine-fire atmosphere. It
contained:

|

¢ .
" P Adefres, { Per- {Alrfree,

Conatituent . .o, pereent Conatituent ! oent pereent
Curbon dionide 144 139 Methane C3al o aw
Oxyg 1 . Pas 4 Hydrogen. ... i 4wl 87
Carbion monoxide | 4.3 5.0 Niwogen. ... { 0.9 l 0.6

i
. |

1. The composition on an air-free basis, also
given above, is [ound thus:

The amount of air in the mixture is 2.8X%
100/20.9=-13.4 percent. The air-free mixture
in therefore 86.6 percent of the whole. When
the original amounts of carbon dioxide, carkon
monoxnde, methane, and hydrogen are divided
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by 86.6 and multiplied by 100, the “air-free”
percent.alﬂgs are obtained. The nitrogen figure
18 the difference between 100 and the sum of
thege percentages.

2. The fiammable gases are paired off with
the inert gases scpurately to give a series of
dissected mixtures, as shown in the following
table.

| o .
| ; ! Total Ratio of + Limits from fig. 1
. CO,, | Na, i ota inert to o
Combustible » Percent pereent percent percent  cotmbus-

[ tible | Lower Higher
€O 5.0 } __________ ‘ 1.5 225 3.5 61 73.0
CH, .ol i 3.8 .1l | 2009 247 | 55 36 i3
H 57430 .. i 312 342 | 10. 4 50 76.0

ik ' 27 159 ... . IR. 6 ! LAY 32 64. 0
Total. o oomoonemenes \ 4.5 159 696 10000 i

' i

Some discrimination is needed to choose ap-
pmpriMo guantities, but a fair latitude of
choice is usually available.

3. The limits of the dissected mixtures, from
figure 1, are shown in the last two coluuns
above. For example, the first mixture contains
5.0 percent of carbon monoxide and 17.5 per-
cent of nitrogen; the ratio between its nitrogen
and carbon monoxide is 17.5:5.0=3.5; and the
limits from the curve for carbon monoxide-
pitrogen mixtures are 61 percent (lower) and
73 pereent (higher).

4. The values in the last two columns and in
the column “Total percent,” substituted in the
equation, give the two limits of the airfree
complex mixture, calenlated to 0.5 percent:

100
255 247 342 186
61 Tas taotoag

Lower limit= =43 pereent,

LY
Higher limit =5 ! =Bl pereent.

ZEEH VAT, W2, NG

3 Tt et
The range of flammability of the air-free com-
plex mixture 8 therefore 43 to 61 pereent.

5. As the sir-free mixture is 86.6 pereent of
the whole, the limits, in air, of the nune-fire
atmosphere are 43X 100-+-88.6, and 61X 100+
£6.6. or 50 and TO pereent, respectively.

The novice's difliculty with such caleula-
tions is in siage 2, where an appropriate amount
of inert gas hus to be chosen to pair with each
combustible gas in turn.  The ratio of inert to
fammeole gas must not be so high that the
mixture falls outside the extreme right of the
correspouding curve in figure 1. A hittle prac-
tice will soon overcome this difficuliy.

It need only be added that, if the amount of
inert gas is so great that a complete series of
flammable mixtures cannot be dissected, the
air-free mixture is not Hammable.  Moreover,
the air-free misture may be tlammable, but
when its limits arc multipied by the appro-

priate factor in the final stage of the ealeula-
tion the result may be greater than 100 for
each limit; the original mixture is then inca-
Fublo of forming an explosive mixture with aw
)ecguise it eontains too much air already.
Finally, if the lower limit of the original mixture
is less than 160 and the higher limit greater than
300, the mixture is Hammable per se and would
explode if & source of ignition were present.

Abeut 20 examples, which cover a wide range
of industrial gases, have been tested (133) by
experiment.  The caleuinted and observed lim-
its agree within 2 or 3 pereent, excepting one
higher-limit figure for a mixture that contained
an unusually Ym\go amount (nearly 24 percent)
of carbon dioxide.

Extension of Mixture Law.—The combustible
izusos covered by the examples just given are
ivdrogen, enrbon  monoxide, and  methane.
The necessary data for the limts of ethane,
cibvlene, and benzene are available (fig. 2,
and these three gases have been included in
caleulations of the limits of complex industrial
combustibles, such as coke-oven gas, coul gns,
carbureted water gas, oil gas, and producer
gus (136).

Safety of Industrial Mixtures of Gases.—1{ a
complex mixture of combustible and incomn-
bustible gases. such as any of those just dis-
cussedd, 18 flammable per se or is cavable of
forming flammable mixtures with air, the mini-
mum amount of incombustible yms that will
reader it nonflammable and also incapable of
forming a flammable mixture with air can be
calculated by a small (and justifinble) extension
of Le Chatehier’s law. 'l]'his procedure  also
gives the maximum pereentage of oxygen below
which all possible mixtures are nonflammable
[(62). claborated in (2)]. A somewhat elaborate
graphic method of ascertaining the lammability
of triple mixtures of combustible gases has been
given (13).

The purging of gas-maenufacturing plants and
distribution mains by the use of carbon dioxido
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or automokile exhaust gas or specially prepared
inert mixtures of low oxygen content can be
controlled by applying similarly deduced data.
A full description is given in reference 329.
Data for purging with steam are given in
reference 368.

SUPPRESSION OF FLAMMABILITY

A flammable mixture may be rendered non-
flammable by (@) a suitable increase in the
amount of either constituent, (b) the addition
of a suitable amount of chemieally inert sub-
stance, and (¢) the addition of a flammable
substance . sufficient amount to exceed the
higher limit of the resultant mixture. It has
been suggested (129) that the last-named may
be advantageous and technically feasible in
certain circumstances when the added flamma-
ble substanee has a low higher limit of flamma-
bility.  For example, the mixture of hydrogen
and air containing just enough oxygen to burn
the hydrogen completely (29.5 percent hydro-
gen) becomes nonflemumable in tinal mixtures
containing 8 percent of air, or 65 pereent of
hydogen, or 67 pereent of nitrogen, or 10 per-
cent of methane,

CHOICE OF EXPERIMENTAL CONDITIONS

In the light of the preceding discussion, it
seems that limits of Hammabidity are physico-
chemical constants (at defined  temperatures
and pressuces) of gases and vapors that can be
determined when observations are made with
quiescent mixtures i vessels of large enough
dimensions, with niton from below (and, if
desired, at other points) and with maintenance
of eonstant pressuce during the experimuent.
A somewhat wide experience has shown that,
if observations are made in a vertieal tube 2
inches in diameter and 4 to 6 feet in height, the
resuits are nearly  but not quite, the same as
those  obtained in much \m}m‘ apparatus,
Limmis  observed in smaller  apparatus- for
example, tubes of 1 ineh diameter or less: are
ususlly signifiantly  narrower. Results  ob-
tained in small, cfus«-d tubes often Jdiffer so
much from normal results, asd even from one
another, that they may be very misleading.

Mixtures for test are made in gashoiders over
water, mereury, or other suttabie hgquid before
introduction into the test apparatis: or they
are madde in the apparatus m«-ﬁf by mtroducing
the components separately and using  some
mixing deviee: or they are wade by supplying
constant metered streams of the components
via some suitable nixing device,

Effective jpmition usunlis cen be obtained
equally well by passing an clectrie spark from
an induction coil (say, from “2-ineh” to “i2-
inch” as convenient) across a gap several

millimeters long or by drawing the flame of a
small spirit lamp or a jet of burming hydrogen
across an aperture in the observation vessel.
This aperture is conveniently made at the
moment, preceding ignition by gentiy slidin
away a ground-glass plate that previously ha
scaled the vessel. When gases of small solu-
bility are tested, a water seal may be used for
this purpose. For a few guses a small tuft
of guncotton fired by a spark or heated platinum
wirs i3 & more certain means of ignition (353,
171ay; for a few others, an electric spark suc-
ceedds in firing the mixture when a flame fails
(132).  Ignition attempted by an electricall
heated wire may not always be reliable wit
mixtures near the limits.

Bureau of Mines Apparatus.—An apparatus
used for many of the determinations made in
the Bureau of Mines laboratory and recorded
in the following pages is illustrated in figure 3.
It is specially designed for determining limits
of vapors of Hquids that are sufﬁviontE\' vola-
tile at laboratory temperatures; it can be simpli-
fied for gases, but must be elaborated for the
vapors of less-volatile liquids.

n figure 3, a is the glass tube in which the
mixture is tested.  Its Jower end is closed by a
lightly lubricated ground-glass plate 8, scaled
with mercury ¢ 1t is evacuated by a pump
through the tube j. The vapor under test is
drawn from its liquid in the container p, in
amonnt measured by the manometer &, Air
or other  “atmosphere” is  then  admitted
through the drying tube ¢ until atmospheric
pressure iz reached.  The aie and vaper are then
thorouguly mixed by circulation, by suitably
rasing and lowering  the mercury vessei ¢
repeatedly for 10 to 30 minutes, depending
upon the density of the added mmlmslihlv
vapor.  The mercury seal is then removed, the
glass plate d is slid off the tube, and the flam-
mahility i2 tested almost at the same moment
by sparking at y or by passing a small flame
arross the open end of the tube.

Special Conditions.——An exnmination of the
effects of temperature on limits of flammability
reqires special arrangements for henting {or
cooling) the test vessel. These are not diffi-
cult to provide. To examine the effect of
pressure 1%, however, much meore difficult
because of the problem of aveiding {ange in-
creases of pressure doring (and us a result of)
the inflammation. A few oxperiments have,
however, been made with the “open” end of
the tesxt vessel in connection with a very
much larger vessel full of air av the same pres-
sure as lﬁm( of the maxture unsder test (1045)
Most of our information abomt pressure effects
on hmits relates only to the pressure of the
mixture befors inflammation.

The limits of turbulent mixtures have us-
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ually been determined in small vessels fitted
with fana, and the criterion of eontinued prop-
agation of flarne has not been apphed, al-
thouﬁh for testing the effect of turbulence due
to the detonation of <olid cxplosives shent
scctions of a cylindrical metal gallery of 6.3
feet diameter have been used.

Stationa. - Flame in a Flowing Mixture.---
Quite recently (286) an apparatus has been de-
vised from which a cylindrical column of gascous

mixture rises into the sir in 8 uniform stream,
“Jackeied” by a laver of nitrogen which helps
to meintain the strict uniformity of motion of
the mixture. The success of this devies ig
shown by the fact that flat, stationary, hoi-
zontal flames have been maintained in nuxiures
of compusition slightly below the lower limits
determined in tubes.  Oniy two figures of lunits
determined by means of this device ere yet
availuble (sec under Propane and Butane).




PART Ii. SOME THEORETICAL CONSIDERATIONS

Nobody has succeeded in calculating either
a lower or a higher limit of flammability of
any mixture from more fundamental physi-
cochemical data. In general terms, the prob-
lem is to express quantitatively the fact that
there comes & point in the progressive dilution
of a flammable mixture when the production of
energy (including that of atoms and radicals)
is no longer sufficient to inflame a neighboring
layer of unburned mixture,

Some sttempts already made to relate limits
of flammability to simpler data may be men-
tioned. Long age Humphry Davy (78) as-
cribed to its greater heat capacity the superior
effect of carbonr dioxide in rendering methane-
air mixtures nonflammable; this conclusion has
frequently been supported by observations with
other flammabie mixtures. Regnault and
Reiset (292} drew attention to the different
ability of hydrogen and oxygen to render
clectrolytic gas nonfigger able; they ascribed
it to the different mobilities of these gases or
to their different thermal conductivities.  As
these gases are not chemically inactive toward
the constituents of electrolvite gas, chomical
effects may play a part.  More recently, some
comparative experiments  with mixtures  of
methane and atmospheres composed of air and
equal volumes of either argen or helium have
proved that, when heats of reaction, rates of
reaction, and specifie heats are cqual there is
still a larpe difference in the limitsin the argon
and the helium mixtures.  This difference is
aseribed to the different thermal conductivities
of the mixtures (69).

Bunsen (26, 27) attempted to caleulate
ignition temperatures of gas mixtures from
their limits of fammability, with the aid of
heatsof reaction and specifie heats.  He assunted
that the beat produced by the combustion of
one layer (already heated, before burning, to
its ignition temperature) was transmitted to the
neighboring unburned layver, which was inflamed
if the heat thus transmitted sufficed to raise it
to its ipnition  tempermture,  The reverse
procedire——ealenlating  dilution  limits  from
the it on temperatures determined independ-
ently--has often been attempted, but the
results show oniy that there is no simple
relation between limits and ignition tempera-
tures.  For example, as shown in the table
below (94). (1) in the scries of normal paraflin

hydrucarbons the ignition temperature falis

rapidly while the calculated flame *~~iparature

of the limit mixture rises, (2) there is a barely 2
measurable difference between the lower limits
(and flame temperatures) of n- and iso-octane,
but a very large difference between their
ignition temperatures.

; - :
' . .
i Flame ignition
unl:ftm .| tempers i tempera-
Hydrocarbon il tureof | “wreo
rniumz ! mit mix- | hydro-
7 i ture, °C. ,wbon. C.
Methane_ ... IR &0 .
n-Rutane. 193! 1448 430
w-Pentane. . 1.6 l 1,488 40 .
a-Hemne. . 1.48 . 1. 58 a3
w-Heptane 1.8 1, Sa0 33 -
wOctane. o 1.12 1,578 M3
Isooctane. .. ... ... ... 113 l 1,608 30
The heat of combustion of a limit mixture of «

most gases and vapors is cnough to raise an
equal volume of the unburned mixture to a
temperature far higher than its ignition tem.
perature, as usually determinad, but probably ]
not as high as the temperature necessary for in-
flammation within the very small fraction of a
second necessary to insure propagation of flame
at the observed rates in limit mixtures. This,
and other considerations, have led Egerton and
Powling (34) to the corclusion that continued
propagation of flame depends upon the tempera-
ture of the flame being suflicient to mamntain a
certain boundury flame temperature which
provides & certain concentration of active rad-
1weals in the boundary region; and that inflam-
mation is produced in the unburned gas mainly
by the radicals derived from the flame, that s,
only indirectly by the hest of the tlame, not
directiy oy heat transference from  flame to
unburned gas.

The lower-limit mixture of Lydrogen in air
produces far too little heat 1o 1mise the mixture
to its ignition temperature, vet flame will travel
upward through the imit mixture indefinitely
(£3). An o.\'pﬁnmlion of this has been given by
F. (Oldmann (113) av P Harteek's suggestion,
The Hame in the hmit mixture rises as a Jumi-
nous ball or balls, consurming only part of the
kydrogen. M the hydrogen is consumed, fresh
hydrogen «diiuses into the flame more rapidly
than the other gazes; therefore the mixture that
is burning is not the same as that in the rest of
the containing vessel.  This explanation is ren-
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dered highly probable by the observation that
particles of finely divided platizum or palladium
may be maintaied red hot by suspension in &
mixture of 4 pereent hydrogen and air.  Com-
bustion of the mixture produeees a temperature
of less than 350° (., but the high rate of diffu-
gion of the hydrogen enables a far higher tem-
perature to be maintained at the metallie sur-
free,

Although this explanation of the mechanism
of fiame propagation in hydrogen-air mixtures
is entirely aceeptable, it seems undesirable, and
possibly dangerous, to aceept Goldmann's con-
clusion that the true limits of flammability are
those for downward propagation of tlame. If
80, o G-pereent hvdrogen-sie mixture and a
S.6-percent  methance-nir mixtuge  would  be
deseribed as nonflammable. Both these mix-
tures propagate thame upward indefinitely and
if ienited near the floor of a closed room would
produce pressures of the order of 1 and 4 at-
mospheres, respeetiveiy, and mean  tempera-
tures of about 350° and 12007 . Such
conditions would burst windows und burn men,
1t is inconcetvable that anvone who has seen a
5.6-pereent methane-nir flame traveling up a
o tube would term this minture nonflam-
mable, although it fails to propagate flame
downward.

Mallard (252 and others (209 have attempted
to deduce linits of flanmability from corves
showing the speed of propugation of tlame, for
exwnple, in g series of mixtures of methane and
air. By extrapolating to zero speed  they
thought t find the compositions of the limig
mixtures, vut in a limit mi: are the speed of
flame ix by no means ¢ero.

A few repularities, set forth in the following
paragraphs, have been discovered : oceasionally
they may give a useful indication of lunits
which huve not been esperimentally deternuned.

1. Lo Chetelier and Boudouard 221, 222)
determined the lower limits of some 31 gases
and  vapors for downward propagation  of
flame,  With the exeeption of hyvdrogen and
carbon disullide, which gave low ligures, the
heatz of combustion lay between 9 and 13
large criories per unit volume 235 hiters at
15° O of the limit mixture; for mosi of them,
the cange was 12 to 13 irge ealories,

2. Burgess and Wheekr (320 found that. for
the first five members of the paraflin series of
hydrocarbons, the ealovific vaiues of tie fower-
limit mixtures (propagation of flame throughout
a pglobe; were neavly (-(}lml. The agreement is
not so good for himts for upward propagatian
of flame for these hydrocarbong (741 but a
smooth curve can be drawn to represent the
relation between the ealerifie values of the first
vight members of the pareffin series and their
lower limits (44).
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3. White (353) found approximately constant
calorifie values for 11 of 12 volatile solvents, for
})ropuﬂmi(m of tlame upward or downward in
ower-limit mixtures or downward in higher«
limit mixtures; the values were different for
different  directions of propagation of flame,
Cuarbon disultide wus the exception.  For the
others, the products of combustion were similur
(nitrogen, carbon dioxide, water vapor, ete.),
and the tcmrcrumrcs attained were approxi-
mately equal.  Hence, the effective ignition
temperature for propagation of flame m these
mixtures seems to be approximately constant
for the same direction of propagation of flante,
The observed ignition temperatures of these
vapors rre much lower, presumably beeanse, in
their determination, 2 much longer time s
avaitable for ignitien than is avatable when
Hame s self-propagating through a mixture.
The effcetive ignition temperatare for down-
ward propagation for the 11 soly 'nts and for the
first & paraflins and {or cthylene, propyicue,
butylene, and earbon monoxide is about 1,400°
C., uncorrected  for  radiation Tiie
figures are much less (356) for hydrogen, hydro-
gen saltide, and acetylene.

When the initial temperature of the mixture
was inereased several hundred degrees (310,
358) the ronges were widened and therefore the
heat of combustion at each limit was less, bue
the two faciors tsually balaneed ench other so
that the flame temperature of the limit mixwure
remained constant. This was true for the lower
limits of methane, ethylene, acetylene, and
pentane and for the higher limits of hydigen
snd carbon monoxide. The lower-funit ten,per-
atures of hvdrogen rose nearly 100°, and those
of carbon monoxide fell nearly 100° as the
inttial temperature of the mixture was inereased.

A straghit-line relationship between temper-
ature and limits ower and higher; has also
been mddieated for several other compounds (3.

Although the calorific values of fower-limig
mixtures of chenneally  closedy related  com-
pounds nre often nearly equal, this rule does
not apply generaliv, as is shown by the following
selected samples (43,1

l()SS(‘S.

| Nethes! | Lawer
Colenmtus | Hmitof (_“,‘“'.‘f‘:
Combustibia ton, A - | flammall. | AR
s i rrwer i
oAl gwr | Uy, per- .
mebke | oont miture
Aydrgen. . .. .. ‘0 p2H
Carbeay Qlsulfhie L. [ ) F
Hylrogen sulfide ... ¢ 3 Lol
[ R N bl
Ethybreaide.. ... L 30 "3
Ethyiene | 278 NS
Metimnr . Lu o W
Methylslevba] 72 Yot
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Methyl ebleride L3 (30
Methyl bnamale 135 2342




1
-
1
i

SOME THEORETICAL CONSIDERATIONS 13

4. The cool flame of ether, which is produced
ard maintained at a much lower temperature
than that required to produce the normal
flame, is propagated by a range of overrich
mixtures which in some  circumstances is
separate from the range of mixtures that propa-
gute the normal flame (353). Thue cflects
of pressure on ignition temperatures and limits
of flammability for the two types of flame are
similar and in general support the view that
the limits for the normal flame, at least, are
governed by the thermal properties of the mix-
tures.  The propagation of the cool flime may
depend upon a cham reaction (331).

5. Le Chatelier's law, expressing the limits
of mixed flammable gases and vapors in terms
of the limits of the individual gases and vapors,
is fairly accurate for many mixtures but in-
aceurate for others.

Nagai has offered an explanation for certain
deviations from Le Clhatelier's lnw (259, He
asstumes that, if two gases individually bave
the same  celenlsted  temperature for  their
limit-mixture flames, which he ealls the theoret-
tend  flame-propagation temperature (TFPT),
the mixtures of these gases will obey the law,
1f, however, the TFPT's are nov equal, the
mixed guses will not obey the law. The gas
of higher TFPT does not play the part suggested

by Lec Chatelier’s law until the amount of the
other gas is increased in lower-limit mixtures
or deereased in higher-limit mixtures. Over a
ereater or smaller miduie range of composition
the limit mixtures of some pairs of gases have
constant, TFP[’s, therefore these mixtures
obey the law over that range.

Mixtures of hydrogen and ethyl bromide
{311) support Nagai’s argument. Figure 4
shows the lower and higher limits of mixtures
of hvdrogen and ethy! bromide; for example,
one higher-limit mixture contains about 41
percent hydrogen and 2 perceat ethyl bromide;
the rest of the mixture is air. If the whole
range of these mixtures followed Le Chatelier’s
law, then the straight line joining the lower or
higher limit for hydrogen with the correspond-
ing (undetermined) limit for cthyl bromide
would give the corresponding limite for all
mixtures of these gases.  The theoreticul flame-
propagation temperature of hydrogen is pre-
sumably less than that of ethyl bromide;
henee, the addition of the first ' percent of
ethyl bromide to the higher-limit hydregen
mixture necessitates a mpici‘s'ull in the hydrogen
present in order that the flame temperature
shall approach that of ethyl bromide. With
1 to 5 pereent of ethyl bromide the limits fall
on a straight line, as required by Le Chatelier’s

RS S e __

ETHYL BROMIDE, PERCENT

Frovre 4.--Limits of Flammability of Mixtures of Hydrogen and Ethyl Bromide in Air.
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law, because the flame temperatures are equal.
Extrapolation of this line cuts the X axis at
X=56. The TFPT of the mixtures is therefore
equal to that of a 56-percent hydrogen-air
mixture, which can be calculated. Moreover,
the position of any point on the straight part
of the higher-limit curve can be calculated on
the assumption that the effective limit of
hydrogen 1s 56 percent and that of ethyl
bromide 7.6 percent.

Although Nagai has adduced many instances
of pairs of gases or vapors that appear to sup-
port his views (246, 247, 250, 252, 311, 314,
815, 316), others do not. For example, mix-
tures of hydrogen and methane follow the law
of Le Chatelier fairly well, but their TFPT's
are far apart. Moreover, mixtures of hydrogen
sulfide and hydrogen (fig. 56) and of hydrogen
sulfide and methane (fig. 57) present such
results as cannot be interpreted by Nagai's ideas.

Another purely empirical relationship be-
tween lower and higher limits of hydrocarbons
and some of their derivatives has been advanced

by M. Aubert (3), for downward propagation
o{ flame. The agreement between calculated
and observed values is less satisfactory for the
simpler compounds than for the more compiex
and breaks dovn with acetylene.

6. W. P. Jorissen (191) and J. van Heiningen
(842) of the Leiden school have shown by
several examples that the means of the lower
and higher limits of two gases in the presence
of iucreasing amounts of an inece third gas
have a linear reiationship. They correlate
these obscrvations with reaction rates based
on the law of mass action. The means of the
lower and higher limits of two gases have in
some, but not all, instances a linear relation-
ship to the pressure (90). J. J. Valkenburg
has developed this argument further (336).

It is apparent that the theoretical treatment
of limits of flammability is meager and mainly
qualitative; it is bound up with the unsolved
problem of the theory of flame propagsation
in general.




PART III. LIMITS OF INDIVIDUAL GASES AND VAPORS

In accordance with the precedin
the results collected for individua
arranged as follows:

{1) 'The results of experiments on propagation
of flame upward in large volumes of quicsceni
gas which are at atmospheric pressure during
the passage of the flame.

(2) The results for other dircctions of propa-
gation in similar circumstances.

(3) The results observed in smaller vessels
open at one end (so that the pressure is constant
during the experiment) or totally closed (so
that pressure varies at a rate and to an extent
whig) depends on the dimensions of the vessel
used).

The first results may be considered the limits
of flammability of the components named, a
physicochemical property independent of exter-
nal conditions, at atmospheric temperature and
vressure; the second are the limits under re-
stricting cenditions of direction of propagation;
the third are the limits under still more re-
stricted conditions, such as the dimensions of
the vessel used for observation.

HYDROGEN
HYDROGEN IN AR

Flames in mixtures of hydrogen and air are
exceedingly pale; the flame in a limit mixture
is almost or quite invisible, even in a completely
darkened room. Ignition by a “fat” clectrie
spark gives rise to a very pale flame, but a
“thin’* blue spark gives an invisible flame.
Proof that an invisibie flame has traveled to the
top of a vertical tube may be obtained by ad-
mitting & small qluan!ily of pure hydrogen to
the top of the tube a second or so before the
flame 1s expected to arrive there,  1If the flame
reaches the rich mixture a sharp explosion is
observed.  Analysis of a limit mixture after
the passage of a flame would not prove whether
flame hgd traveled througheut the length of
the tube, for the flames in weak mixtures burn
onlv a fraction of the hydrogen in the tube.

When a spark was passed ncar the lower
confines of a weak hydrogen-air mixture stand-
ing over water in a vessel 6 feet high and 12
inchea square in section the following observa-
tions were matje:

4.0 percent hydrogen.—A vortex ring of flame

ust sbove the spark gap; it rose,

argument
guses are

WRs fceh
expanded for about 16 inches, then broke and
disappeared.

4.2 pucent hydrogen.—A similar ring of flame
was formed. On breaking, it resolved itself
into an exceedingly faint cloud or collection of
small balls of flame, which traveled steadily to
the top of the containing vessel—a distance of
more than 5 feet,

4.4, 4.6, 4.8, 6.2, and 5.6 percent hydrogen.—
In each mixture a8 vortex ring of flame rose
about 16 inches, then broke into segments
which subdivided into balis of flame that
traveled to the top of the vessel. An increasing
fraction of the hydrogen present was burned as
the amount of it was increased; the strongest
mixture, 5.6 percent hydrogen, showed about
50 percent combustion.

In a longer and narrower tube, 15 feet in
length and 2 inches in diameter, no flame was
seen with 4.2 percent hydrogen, but with 4.4
percent a globular flame traveled at uniform
speed the iength of the tube. There seems to
be no doubt, therefore, that these flames were
self-propsgating and capable of traveling in-
definitely. They left much unburned gas
behind gccause their lateral speed of propaga-
tion was much less than their vertical speed,
which was due mainly to convection.

In & wide space, therefore, the lower limit of
flammability of hydrogen in air is 4.1 £ 0.1
percent,

The hydroger was not wholly burned in an
upward-propageting flame in & tube 2 inches in
diameter until 10 percent was present (63).

With a continued saurce of ignition, such as
succession of sparks or a small flame burning
from a jet, weak mixtures showed a continuous
thin threed of flame shooting upward and ex-
panding into a flame cloud. As the hydrogen
was consumed the thin flame gradually short-
encd untjl it disappeared.

Complete combustion of a Jayer of the limit
mixture, 4.1 percent hydrogen, would keat the

roducts to s temperature of less than 350° C.
he ignition temperature of hydrogen in sir is
about 585° C.  Aningcnious explanation of this
anomaly has been given. (Ses pp. 11 and 12))

The higher limit of lammability has not been
determined in large vessols, but experiments m
a wide, short vessel and in a long, narrow vessel
have indicated (64) that the higher limit in &
large volume is about 74.2 percent hydrogen.
A more recent delermination in a tube 7 cm.1n
diameter and 150 cm. in length gave the higher
limit a8 74.4 percent hydrogen (/15).

15
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The foregoing figures, for both limits, refer
to gases saturated with water vapor at room
temperature, Some recent experiments with
dry gases in a 4-inch-diameter tube, open at its
lower end, gave the limits for upward propaga-
tion as 4.0 and 75.0 percent (38). The analvti-
cal figures for the moist-gas limits being 4.1 and
74.2 percent, the actual compositions of the
moist limit mixtures would be:

' Lower limit Higher ltmit
) 4. 1= 400 74.2-725’7,,
05 9= 04 07 25 Aw 2650
Water vapor, approx__.. | 2.0 2.0, 20m 200,
| —_— —
‘ 102 ‘ 102

The actual lower limits of dry and saturated
ases at room temperature are therefore equal.
he actual higher limit is reduced from 75.0

percent to 72.5 percent by saturation with

water vapor, 8 result that is about what would
he expected from the known effects of incom-
bustible gases on the higher limits of hvdrogen
and other gases. It will be noted, also, that the
actual percentage of oxygen in the dry and
moist higher-limit mixtures is 5.2 and 5.3 per-
cent, rossw('tivoly, the difference being dne
presumably to the heat capacity of the water
vapor.

Observations in Smaller Vessels.—Table 1
gives additional results for various directions
of propagation of flame.

TanLe 1.-—Limits of flammability of hydrogen in air in smaller vessels
Upward Propagation of Flame

D 'm‘{)’:'g&s of Limits, percent '
» P Firing end Content of aqueous ' Reference
; 8 vapor | No.
Diameter :  length | Lower Higher
. i
i |
7.5 150 | Closed .. ... ... ... ... 4. 15 75.0 | Half-saturated o 356
53 150 , Open . ... . ... . 110 746 Dried e 9,
531 150 1. . do_. .. e Ty, 12 TLS de iy
531 150 ... doo. oo ... A | PTLR do.... .. . y)
50 15 | Cio d 4. 15 745 Half-saturated 398
50 180 | Open_ . oo - 1.0 720 Dried...._. ! 143
48 150 . ___. do. e . 1.0 TR . do._ .. a8
45 80 ! Closed . ... ..... ... ... Eoosan L7
4.5 RO I .. do.. e e KAl e . ar
2.5 150 | Open. ... ! 1.2 Dried . | L)
25 150 , Closedd . ... ... . ... : 1. 25 73.0 Half-saturated o 3in
23 96 B £ . 41 72 8 B . a8
22 45 .. 00 e 3.4 73.0  Saturated | N ke
1.6 98 ... do. ... Lliiiilil. ! 4. 22 712 o . R KA
.8 96 i_.... [+ 0 ; 51 679 .. o8
| ! i
Horizontal Propaygation of Flame
T A : t
75! 150 Closed. ..o L . 65 L. " Hall-satueated 354
50 5 . 7 . do RIS
b T T ¢ 1 O S A T T A do . e 354
25 i Raturated . . a1
2.5 - . #3
.9 Baturated &
| ! s
210 31 P O0pen ... ‘ 0wl L Suiurated .. ... 63
80 37 Closed . ... ... _ ... ? &9 CBR8 .. do. .. . .. ... 32
7.5 150 .. do. 88 745  Half-saturated . .. 358
7.0 150 . . dn . S L - 115
62) 33 | Open RE ... " Baturated o L 93
80 120 ;... do. 0 45 .. Partly dried .. . 3295
80, 120 Clomed ... ... . ... e3 .. do .. 25
60! L . YR R 25
5.3 IS0 Ot Lo iee il 90 ... ..... Dried P | 94

Bee loctuels  tong of table.
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TasLE 1.—Limits of lammability of hydrogen in air in smaller vessels—Continued
Downward Propagation of Flame—Continued

Dimensions of .
Limits, percent
tube, em. Firing end pe Content of aqueous | Referencs
, g vapor No.
Diameter ; Length Lower Higher
5.0 | 150 | Closed_ ... .o 9.0 74.0 | Half-saturated. ._._. 366
5.0 | 65 | Open. ... ...l 8.9 T2l 811
4.5 80 | Closed L 3 R S N 56
4.0 | 88 |.....__... Saturated_ . ... ____. 63
25" 9 4 71. 56 Half-saturated. . .. _. 356
2.5 9.7 |oa-. Saturated . .. _______ 271
2.2. 6.8 69.3 | e o eeoaa. 841
22 9. 1 73.0 . 274
19 i 9. 45 66. 4 Saturated_ .. ___.... 356
LY, 40 ... do_ .. .- ; 9. 45 65,25 . __. do ... __... 323
1.6 ! 30 ' .. [ T 7.7 72.6 | Dried.____.__.____. 217
L4 20 ... do} 9.8 63.0 i ..... do .ol 821
| |
Propagation in a Spherical Vessel or a Bomb
. 1 | | '
Capacity, cc: ' l '
Notstated ... ... Closed . .. oo 9.2 |- | Saturated. .. ..__... 271
Do, ooode L i [ 85 ‘675 -.... do. ... 82
1,000, ... (.1 - 8.7 75.8 ... do. ... 85
810, ... [T do . [ 5.0 T35 o 849
350 L. [ do ... e 4.6 70.3 | Saturated. . ___.__._ 868
35. . i do oLl l 9.4 | ‘64 i ...... P 297
|

£ Walls of tube blsckened.
t Walls of tabe silvensd.
3 AL 400 mn, prossurm,

In rennd figures, therefore, the limits of hy-
drogen in air may bre stated as follows for gases
saturated with water vapor at laboratory tem-
weruture and pressure; the figures for the higher
umit, downward propagation, are based on
abservations in closed tubes in which the mix-
ture was under rapidly varving pressure during
the experiment:

Limits of fammability of hydrogen-air
mistures saturated with waier vapor

Limita, pereent
Lowsr Higher

Upward propegation . . .. ... 41 74
Horizontal prepagation. _ - 80
Downward propagation. . . . 9.0 74

Influence of Pressure.— Figure § shows varni-
ons results obtained for the limits of hydrogen
in air under pressures greater than atmospheric
(14,17, 32)). The differences are not as great
as they may appear to be at first sight, exeept
for lower-limit mixtures at pressures of 1 10 5
atmospheres, and may well be aseribed to dif-
ferent interpretations of experimental results
rather than to the experiments themselves; the
criterion was 100-pereent combustion for the
series inelicated in the figure by small cireles but
only about 80 percent for the sertes represented

¢ This igure would probably have been Increased had s stronger spark
been used. & xpark strong enough to ignite a lower-limit mixtures mey
be too weak to ignits a bighec-limit mixture (§4).

by the unbroken line. Ir general, it appears
that the limits are at first narrowed by increase
of pressure above atmospheric but at higher
pressures are steadily widened.

A scries of experiments (95) besides those
recorded in figure 5 showed no change in the
lower limit gver & range from 0.5 to 4 atmos-
spheres.  Other experiments made in a narrow
tube, with downward propagation of flame and
ignition by the furior of a copper wire, gave low
results for the higher limit (51).

Reduced pressure affected the lower limit as
follows: In a closed glass tube 6.0 cm. in dia-
meter and 120 em. in length, with downward
I)mp ation of flame, at 1 atmosphere the
ower limit was 9.35 percent and at % atmos-
sphere, 10.8 percent (325).  Experiments in a
burette indicated the existence of a small lower-
ing of the lower limit between about 500 and
200 mm. pressure, followed by e rapid rise
between 200 and 100 mm. (§{). Other experi-
nienis in parrow tubes (8, 16, and 25 mm. dia-
meter), with upward propagation of flame,
showed no great change in the limits until the
presgure was below about 300 mm., when the
range varrowed until below 50 mm. no mixture
propagated flame 96).
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“Referen
37x8 cm. 324

cylinder ’ 14

PRESSURE, ATMOSPHERES

//

Experiment
¢ Downward propegation; cylirder,
=== Downward propagsi-;
§ ©  Side or centrs! i;g;ni'tm; sphers, 7.6 cmn. diam. 17
i
|
1 :
|
!
1 — ;
1ﬁ
xoor

|
l
[
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Influence of Temperature.—Three seots of ob-
servations have heen made on the influcnce of
temperature on the limits of hydrogen in air
(12, 297, 868). Table 2 and figure 6 give those
that are probably most reliable (858). They
were determined in & closed tube 2.5 cm. in
dismeter and 150 em. in length, with downward
propagation of flame.

At 540° C. s 90.45-percent mixture wes in-
flamed (£87).

Thes e temperature (table 2) necessary to
insurs propagation of flame downwarnd is much
above the ignition temper.ture of hydrogen ir
air, 585° C. Moreover, increase in initial tem-
perature of the mixture does not cause ths
calculated flame temperature to fall toward the
ignition temperature but has the opposite effect
for lower-limit mixtures; this observation awaits
explanation.

«f // v
2] A

_ NET
¢ T e e "fi—"u“—Jo

HYDROGEN, PRRCENT IN A ¢
Fiaurk 5.—Eflect of Pressures Above Normal on Limits ¢ Hydrogen in Air.

Tanty 2.— Influence of lemperature o1, the limits
of flammability of hydrogen in air, downward
propagation of flame

I Limits of famma- Calrunted
bility, pereent flame tempern.
' hydrogen tures, * C
Tempersture, * C. e oo o e e e s e e
i
! lower | Higher
| Lower : Higher | G, Hmit
94 F 7.8 a8 o
.21 PN v 1 O,
a8 A2
83 [orapee 80
9 ne s k213
T8 S
7.1 ™o .14 i
[ S & N [ I PO,
&3 .8 00 0

Influence of Impurities.—The lower limit of
bydrogen in air, with downward propagat.on of
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HYDROGEN, PERCENT
Fiourk 6.—Iutiuence of Temperature on Limits of Flammability of Hydrogen in Air (Downward Propagation of

Flame).

flame, wes raised a fraction of 1 percent by the
addition of iron carbonyl (0.028 and 0.056 cc.
liquid vaporized per liter). The higher limit
was reduced from 68 to 52 percent by the addi-
tion of iron carbonyl (0.024 ce. liquid vaporized
per liter) (325).

HYDROGEN IN OXYGEN

The limits of visible flame of hydrogen in
oxvgen with upward propagation of flame in a
tube 2 inches in diameter, open et the firing
end, are 4.65 and 93.90 percent (150). In
closed tubes the extremes recorded are 3.9 and
95.8 pereent (66, 57, 78, 97, 274, 333). The
lower-limit figures refer to the same type of
flame as that of week mixtures of hiydrogen in
air, and the lower limit in open vessels may
prove to be as low as in closed vessels when
special means are taken to detect an invisible
flame.

For downward propagation of flame in small
vessels the lower [imit is about 9 or 10 percent
hydrogen snd the higher limit about 82, 93,
or 94 percent (£7, 67, 88, 95, 228, £74, £92, 323,
346).

For complete combustion of the gas in a
35-cc. spherical globe with side ignition the
limits were 9.6 and 90.9* percent hydrogen

1 Probably too low. See foothote 4, tabls i, p. 17,

(297); for inflammation in a closed bomb of
810-cc. capacity, 5 and 94.3 percent (349).

Influence of Pressure.—Experiments in g steel
cylinder 3 inches in aiameter and 5 inches in
length, axis vertical. indicated that the lower
limit of hydrogen in oxygen was not sltered
materially by increase of pressure to 122 atmos-
pheres but ley between 8 and 9 percent through-
out this range of pressure. Ignition was by
spark or hot wire, and the direction of propaga-
tion of flame was presumably downward (£64).

When the pressure is reduced below atmos-
pheric, the higher limit falls slightly but does
not reach 90 percent hydrogen (central ignition
in a globe) until the pressure is about 100 mm,,
at which it is diffienlt to insure an adequate
source of ignition; a powerful source of ignition
might insure propagation of flame indefinitely
in & hydrogen-oxygen mixture of 90 percent or
a little more hydrogen at pressuree below 100
mm. The lower limit does not rise above 11
percent hydrogen until the pressure is below
8 mm. (65).

Experiments in a burette indicated the exist-
ence of a small lowering of the lower limit be-
tween about 400 and 120 mm. pressure,
followed by a rapid rise between 120 and 80
mm. (84).
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Influence of Temperature.—In a 35-ce. closed
bulb the limits were 9.6 and 90.9 percent at 15°
C. and 9.1 and 94 percent at 300° C. (297),

HYDROGEN IN OTHER ATMOSPHERES

All Atmospheres of Oxygen and Nitrogen.—
The limits of hydrogen in various mixtures of
oxygen and nitrogen have been determined at
600 mm. and lower pressures, with downward
propagation of flame in a tube 3 cm. in diameter
(88). (See also Ammonia Contact Gas.)

Atmospheres of Composition Between Air and
Pure Oxygen.—With downward propagation of
flame in a Bunte burette, the lower limit fell
gradually from 9.45 percent hydrogen in air to
9.15 percent in nearly pure oxygen. The
higher limit rose from 65 percent hydrogen in
air to 8] percent in a 40-percent oxygen mix-
ture, 86 percen in a 56-percent oxygen mixture,
and 91.6 percent in nearly pure oxygen (323).

In a mixture of equal voluines of oxygen and
nitrogen, 91.35 perrent hydrogen inflamed at
537° C. (216).

Atmospheres of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of hydrogen in
all mixtures of air and nitrogen, or air from
which part of the oxygen has been removed,

2 18 1

OXYGEN IN QRIGINAL ATMOSPH.RE, PERCENT
(] 1 12 10 4 8

are shown in figure 7. The determinations were
made in 8 tube 6 fect in length and 2 inches in
diameter, with upward propagation of flame at
atmospheric pressure during propazation (133).
From the ordinates of the “nose” of this curve
it may be calculated that no mixture of hydro-
gen, nitrogen, and air at atmospheric pressure
and temperature can propagate flame if it
contains less than 4.9 percent oxygen (167).

For some purposes the resuits are more useful
when expressed (62) as in figure 8.

This fizure shows, for example, that a mixture
containing 20 percent H,, 6 percent Oy, and 74
percent N, is flammable; but if 2 percent of the
oxygen were replaced by nitrogen the mixture
would not be flammable but would become so
by admixture with a suitable amount of air,
In figure 8, “impossible mixtures” ecannot be

roduced by mixing air. nitrogen, and hydrogen.

or morc detailed explanations, compare the
corresponding  section on nethane limits in
mixtures of air and nitrogen (pp. 44 to 48).

The limits with downward propagation of
flame in the srnme series of mixtures have been
determined in a closed tube 5 em. in diameter
and 65 cm. i length. The lower limits are 5
to 6 percert greater and the higher —1 to 410

4 2 4
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CARBOX DIGXIDK OR ADDITIONAL NITROGEN IN ORIGINAL ATMOSPHERE, PERCENT

Fiaumy 7.-—Lirnits of Flammabitity of Hydrogen in Air und Carbon Dioxide or Nitrogen,
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HYDROGEN, PERCENT
FicUvre 8.-—Relation Between Composition and Flamumability of Mixtures of Hydrogen, Oxygen, and Nitrogen.,

pereent greater than those of figure 7. The
“nose” of the curve is at the same percentage
of additiona! nitrogen. The addition of 0.5
ereent of tin tetramethyt reduces the higher
imit and retraets the “nose” of the curve
considernbly (318).  The hmis for downward
ropagation in n closed tube 2.2 em. in diameter
an also been determined (351,

Atmospheres of Air and Water Vapor.— The
fimits of hydrogen-mir mixtures standing over
water in a 350-ce. spherieal vessel, and jgnited
near the water surface, have been determined at
various temperatures.  As  the  temperature
rises, and consequently the water-vapor content
also, the lower limit rises slowly, and the higher
limit falls rapidiy, as with other diluents. When
60 pereent of water vapor is present (86° )
the lumits coineide at about 10 percent hydrogen
(368).

Farlier experiments, made in a Bunte burette,
show similar effects but the range of flamma-
bility is smaller (95).

Atmospheres of Air and Carbon Dioxide.--
The limits of flammability of hydrogen in all

o0i® 333

mixtures of air and carbon diexide are shown in
figure 7. The determinations were made in a
tube 6 fect in length and 2 inches in diameter,
with upward propagation of Hame at atmos-
pheric pressure during propagation (133, 167).
The limits with downward propagstion of
flame in the same serivs of mixtures have been
determined ina closed tube 3 cm. in diwmeter
and 63 enucin length. The lower imits nre 510 6
pereent greater and the higher limits 1 to 4
porvent less  than those wm figure 7. The
“nose’” of the curve is at 56 percent carbon
dioxide i the atmosphere.  The addition of
0.5 pereent tin tetramethy! reduces the higher
Ll wid retenets the “nose’™ of the cueve
considderably (3183, The hmits with downward
propagation in closed tubes 2.2 and 1.6 mm, in
diameter have glso been determined (217, 841).
Some carlier observations (447) show, as might
be expected, a more rapid nnrrowing of the
limits in a Bunte burette. Others (f) may be
mentioned, but they can hanlly be accepted
without confirmation because they indicate
several improbable conclusions-—for example,




22 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

that the lower limit of hydrogen is reduced from
6.5 percent in air to 3 percent in an atmosphere
composed of air and 3 or 4 percent of carbon
dioxide.

Atmospheres of Air and Helium.- -Whea thin
rubber balloons 2.5 inches in diameter were
filied with various mixtures of hvdrogen and
helium and a lighted match or a white-hot

latinum spiral was used to burn a hole in the
abric, the hydrogen could be raised to 26

rcent before the mixture became flammable,

ut if the hydrogen exceeded 28 percent the
mixtare would burn. Hence, it was concluded
that to dilute the helium used for airships with
more than about 26 percent of hydrogen (295)
would not insure safety against inflammation
of the gas.

Experiments by the present writers show
that homogencous mixtures of helium, hydro-
gen, and air would propagate flame when the
proportion of hydrogen to helium is much lese
than that indicated above. When as little as
8.7 percent hydrogen is present in admixture
with helium, 1t is possible to make, with this
mixture, & blend with air that will propagate a
weak flame up through the central part of a
tube 2 inches 1n dismeter and 6 feet in length.
The complete set of observations is shown in
table 3.

TasLe 3.—Limits of flammability of mirtures of
hydrogen and helium in air, upward propa-
aation of flame in tube ? inches in diameter
and & feet in length, open at its lower end

o e —_—

: Uriginal gus misture, jercent  Limits of Ramemabilit s, percent |

1 Jidregen 1'elum lower Higher

- e o R
l 10 U] v 42 s

: i e ) w2

i re 21 16 w2

! w3l M7 Ne N2

| 0.3 w3 M3 N1 3
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The mixture that contained 193 percent
hydrogen and the rest helinm had very wide
limiis of flammability.  Flame travebsd rapidly
and with some violener through mixtures with
air that lay well within these limits, although
ihe balivon experiments had secmed to show
that these muxtures were nonflammable.  No
mixture would be safe for use in an airship
unlcas it contained less than 8.7 pereent
hydrogen in admixture with helivm (721,

With downward propagation of tlame in a
closed tube 2.2 em. in diameter the weakest
mixture of hydrogen and heliun that can form
a flammable mixture with air contains about
12 percent hydrogen (341).

¢ maximum amcunt of hydrogen that
could be added to helium without cm\%)ling the

mixture to burn when issuing into air from a jet
15 mm. in diameter, ignition by a gas flame, was
14 pereent (2.23). o

Atmospheres of Air and Argon.—The limits of
hydrogen in mixtures of air and argon, with
downward propagation of flame in a closed tube
22 em. in diameter, have been determined
(331).

Atmospheres of Air and Certain Halogenated
Hydrocarbons.—2A series of results showing the
lower and higher limits of hydrogen in air con-
taining increasing amounts of trichloroethylene
at 14° 25° and 35° C. have been reported.
They were observed in small burettes 15 mm.
in diameter, so are of limited value (200). Sim-
ilar experiments with the vapors of other chloro-
derivatives at laboratory temperatures were
reported 1n an earlier communication (144).

The addition of increasing amounts of methyl
bromide to the air causes the limits of hydrogen
to approach, and in a 2-inch-diameter tube, to
meet when 13.7 percent of the mixture is methyl
bromide. The lower limit of hydrogen is, how-
ever, appreciably reduced {down to 2.4 pereent
with 12 pereent o0 methyl bromide), showing
that the bromide takes so: » part in the com-
bustion (38). The results ave of doubt{ul appli-
cability to wide spaces, for with a sutliciently
powerful source of ignition some mixtures of
methyl bromide alone and air can be inflamed
(p. 191).

The addition of increasing amounts of di-
chlorodiffuoromethane { *freon™ ) to the air causes
the linits of hyvdrogen to npproach and, n a
2-inch-diameter tube, to mert when 35 pereent
of the mixture is freon (38).

Atmosphere in Which Nitrogen of Air Is Re-
placed by Carbon Dioxide.--The ifimits of
hydrogen in this atmosphere, with upward prop-
agation of e in a 5.3-em.~diameter tube open
at the lower end, are 531 and 69.8 peveent, as
compared with 4.19 and 746 pereent, respec-
tively, in air. For downward propagation in
the same tube, the upper end being open, the
lower limit is 13.1 pereent as compared with 9.0
prreent in air (429).

In & closed 25-om.-diameter tube, with up-
ward propagution of flame, the limits are 4.7
and 705 pereent; the range is parrower in
narrower tiuhes (98),

In a closed 33-cc. globe with side ignition, the
lnits were 119 and €682 percent hydrogen
compared with 9.4 and 648 percent, respee-
tivesy, in air in the same apparatus (297). The
higher-limit result is unexpectedly greater in
the artificial atmosphere than in air; a similar
result, however, had been obtained earlier (3.6).
Ressons have already been given (footnote 4,
table 1, p. 17) for thinking that the figure
64.8, for the higher limit in air, is too Jow,
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Influence of Temperature.——Some irregular
results have been obtained for the influence of
temperature on the limits of hydrogen in an
atmosphere of 21 percent oxygen and 79 percent
carbon dioxide. They need confirmation (297).
An isolated observation is that a mixture con-
taining 82.9 percent hydrogen inflamed at
532° (. (216).

Atmospheres in Which Nitrogen of Air Is
Replaced by Argon, Neon, or Helium.—The
Iimits of hydrogen in atmeospheres in which
the nitrogen of the air is replaced by (a)
argon or (6) helium, with upward propagation
of flame in a 5.3-cm.~diameter tube open at
the lower end, are (a) 3.17 and 76.4 pereent
and (b) 7.72 and 75.7 percent.  For downward
propagation in the same tube, the upper end
being apen, the lower limits are (@) 7.0 and
(b) 8.7 percent (9.4).

In a closed 2.5-em.~diameter tube, with
upward propagation of flame, the limits are
(@) 2.71 and 75.3 percent and (b)) 5.9 and 71.8
pereent; both ranges are narrower in parrower
tubes (98).

In a mixture of 20.9 pereent oxyvgen and
79,5 pereent argon, 80.10 pereent hyvdrogen
iflamed at 345° C.216), {See also Deuterium
in Other Atmospheres)

Atmosphere of Chlorine.—In a eudiometer
tube about 1 em. in diameter, with gases
stunding  over sulfurie acid, the lmits of
hyvdrogen in chlorine, apparently for downward
prapagation of flame, were 8.1 and 83.7 pereent.
Radiation from burning magnesiom  ignited
mixtures  containing  between 9.8 and 32.5
prreent hvdrogen (J57).

The Limits with downward propagation of
flame in a tube 15 em. i diameter and 30 em.
in length are 104 and 839 pereent hvdroges.
Reasons are given for preferring these fipures
to those @iven above (228)

In an iron bomh of S10-cc. capacity, the
limits of hydroger e chlorine are 6 and 845
pereenit (-)’.,{.").

With n <park discharge or a heated platinum
spiral 1 a half-lier exhinder 4 emein dinmeter,
the apparent himits of hvdrogen e chlorine
vary with circumstances; the widest range was
S0 to SO pereent. Results are also given for
mixtures to whieh hydreozen ebloride, nitrogen,
oavgen, and earbon dioxide were added (4170

Atmospheres of Chlorine and Nitrogen;
Chlorine and Oxygen: Chlorine and Mitric
Orxide; Chlorine, Nitric Oxide, and Nitrogen.—
The limits of ternary nixtures of hydrogen with
each of these mixtures are given in trinngular
dingrams for downward propagation of flame
{2.25),

Atmaospheres of Oxygen and (1) Hydrogen
Chloride, (2) Carbony! Chloride, and (3) Di-
flucrodichloromethane.— The limits of ternary

mixtures of hydrogen, oxygen, and each of these
substances are given in triangular diagrams for
downward propagation of flame in a 1.6-cm.-
diameter tube (335).

Atmosphere of Nitrouz Oxide.—The limits of
hydrogen in nitrous oxide, with downward
propagation of flame in a 16-mm. burette, are
5.2 and about 76 percent (285); in a 15-mm.
tube, 5.6 and 79.7 pereent (339). The effect
of a diluent in narrowing the limits increases
in the following order: Argon, nitrogen, carbon
dioxide, helium {285).

Atmosphere of Nitric Oxide.—The limits of
hydrogen in nitric oxide (wrongly called nitrous
oxide l)}' the author, a Netherlands chemist
writing in English) with downward propagation
of flame in a tube 15 mm. in diameter are 13.5
and 49.4 percent (228 ).

Atmospheres of Nitrous and Nitric Oxides.—
The region of flammability of mixiuves of
hvdrogen with mixtures of nitrous and nitric
oxides is plotted in a triangular diagram (239),
but the spark used was too weak to ignite any
r(nixmro of hydrogen and nitric oxide alone
228).

Atmospheres in Which Oxygen of Air Is Re-
placed by Nitrous Oxide.—The limits of hy-
drogen in a mixture of 21 percent nitrous oxide
and 79 percent nitrogen, with upward propaga-
tion of flame in a 5.3-em.-diameter tube open
al the lower end, are 14.19 and 29.0 percent.
When the mixture contains 42 pereent nitrous
oxile and the amount of cominned oxygen
therefore equals the amount of free oxygen in
air, the limits ace 4.38 and 658 perceat in the
same experimenial conditions, in compmrison
with 4.19 and 74.6 percent in air (93},

Influence of Small Amounts of ‘‘Pro-
moters."—The addition of about 0. percent
of various possible “promoters’ wdiethyl perox-
ide, ethyl nitrate, nitrogen peroxide, methyl
iodide, ozone’ had httle effect on the lower
liniit of hyvdrogen in air and little wore effeet
on the higher limit than that due to the thermal
effects of their reactions (93Y,

Dilution of Electrolytic Gas (ZH. - O,) With
Gases, Inert or Otherwise.—-1In the carly part of
the last century the question of the amount of
diluent that, mixed with electrolytic pas, would
bring a mixture to its himit of flammability
aroused mueh interest, which has been revived
from time to time. Some of the diluents were
wert; others were not.  Tabie 4 gives the
results,

The conditions of some of these expertmenta
are very incompletely stated but can be sur-
mised from the figures for the diluents hydrogen
and oxvpen, as limit mixtures made by diluting
electrolytic gas with hydrogen and oxyvgen are
the same as higher- and lower-limit nuxtures,
respectively, of hydrogen in oxygen.  Thus,
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Davy’s, Turner's, and Bursen’s experiments
probably were made with upward propagation
of flame. Davy and Turner prebably used
fairly wide vessels and Bunsen a rather weak
spark us the source of ignition. Regnault and
Reiset, Von Mever, Tanatar, Misteli, Eitner,
and Jorissen observed downward propagation
of flame.

Uncertainty as to soine of the methods used
and the small scale of the experiments make it
imposcible to draw exact conclusions from the
results in table 4. In general, Lowever, it is

evident that the inert gases of higher heat
capacity are more effective than those of lower
heat capacity in rendering electrolytic gas
nonexplosive. Helium is more effective than
argon, presumably because of its greater
thermal conductivity.  Moreover, when the
diluent is itself flammable and therefore com-
petes with the hydrogen for the oxyvgen of
the elecrolytic gas, it is even more extinetive
of flame than the inert gases, provided that it
contains sceveral atoms capable of uniting
with oxygen.

TanLE 4.-- Percentage of clectrolytic gaz which, with diluent named, is at lim’t of flammability *

Percentage and authority

1
I
!
|

!

|

i Pavman and
itman

Diluent Davy Turner ! (224, N
(75) (333) - S
Up- Down-
j ward ward
e N e —_
Hydrogen_ ... . i1-14 0 10125 ] 21-23 (Bunsen, 2 . 17,4 17. 4
Covgen.. B 12,5 0 6. 7-7. 7 | 8 6-9.7 {Bunsen, 273, 13.9 (Eitner, 937 50 16
\ir ... . I et S .
Nitrogen. . . .. ) '; 14.3 (Henry, 122, 19.2 (Eitner, 99 155 16, 8
Carbon divade 23 33 | 2527 (Regnault and Reixet, 2021, 25.7 26.2
| ‘ ! (Bunsen, 273, 30.9 (Eitner, 99), Co20 ;239
Helum_ - . . . 1394 [RAR!]
Argon. i : jo e 125
Hyvdrochiorie acid . 3010 0 2025 - ' :
Siliean aoride Ay -aT .
Sulfur diovide N 33 { i
Nitrous oxide . N9 0125 .
Carbon moenoxide . R 225 o i 170 7.1
Hyvdrogen sultide 33 1 67 N0 50 approvitate TBudde, 25 :
Afnuonia - . M 6T 50 Partington amld Prinee, 2683 !
Methane. 0 ST ) 76 TS CPauntar, 32000 76 e Nlisedi, 240
Fthane oo FRAD SAT (KL von Mever, £
Ethyviene . 67 73 o0 67 THG SON (Movon Mever, 2500, T Misteli,
’ : 2500, RO Ulorissen, 202,
Propyiene . ; : U SRRY CPanatar, S20: 8586 (Misteli, 200
Trisnethyviene | : ; I ®8 NY (Tanatar, 3200
Sectyiene | ! 50 (Tanntar, 227
Cyatngen . ) (Heury, 122
Conal gas KT SO .

LO 2 e e, the ower tepree nts 4 nonfamiteoabb neetuee und the higber a flaamable mizture,

Yin g vlead tude 22 em b i ter and 44 cmin deegth
BALES U aml 3 mn: preaun

PARA-HYDROGEN

The lower limit of para-hivdrogen in air with
upward propagation of Hame i a tabe 7 emu tn
diameter and 126 cmo in leagth Bs between 4.3
and 4.5 pereent, Under the same conditions,
the lower limit of ordinary hvdrogen is hetween
4.3 and 4.4 pereent.  The higher Tmit of a
mixture of equal paris of ortho- and para-
hvdrogen was not fess than that of ordinary
hydrogen (114}

DEUTERIUM
DEUTERIUM IN AIR AND I OXYGEN

The limits of deuterium, which have heen
vhserved oniv in closed vessels. are given i
table 5, with those for hydrogen abtained by
the seme observees in paraliel experiments.

The ratio of figures (36) with upward propa-
gation (deuterium and hydrogen i air) is almost
equal to the iuverse ratio of the diffusion
coeflicicnts of the two gases, 8 fact that agrees
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with the explanation given (p. 11) for the
peculiar nature of the lower-limi: flame of
hydrogen.

DEUTERIUM IN OTHER ATMOSPHERES

The lower limits of deuterium and hydrogen
in mixtures of 20 pereent of oxvgen and 80 per-
cent of various chemically inert gases, at 400
mm. pressure, have been determined in a elosed
tube 4.5 em. in diameter and 80 em. in length.
They are as follows:

 Upward propagation of Downward propagation
! ane of flune
Atmosphere .

Denterium Hydrogen Deurertumn Hydrogen
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The three last-named gases have 2qusl
specific heats but different densities and thermal
conductivities. In the helium mixtures the
conveetien is least and the dissipation of the
energy of the flame front by diffusion the
greatest; correspondingly, the limit is the highest
and the difference in the limits with upward
and downward propagution of flame the
feast (97).

Dilution of 2D;+0Q,.—The limits of 2D,+04
in various diluents, withi downwerd propaga-
tion of flame in a closed tube 2.2 ¢m, in diam-
oter, are (274):

Perenlage of $D4Oy

— R oo — . which, witk dite nt
. named, is af imit
Nitrogen, %0 perernt 5.65 3.9 .0 [ Diluent: of lammability
Rewmopeen 24 B8 wp Dewtestum .. 15.9
Arnon.wmrwnl,,“{ 17 2: ! 7.2 7.1 Nitrogen o ... ... _._._ 16. 8
_ ' Oxygen ..o ... ... ..........15.3
TanLr: 5.~Limits of lammability of deuterivm ard hudrogen in air
Upward Fropagation of Flame
Dimaensi f ( !
'("‘:h('"m:": o Deuterium limits, percent : Hydrogen, limits, percent f
|
Pressure, - ! Reler-
min. In air In oxvgen In sir In oxygen ¢hee No.
Diam- Lengsh o P o
eter '
Lower Higher lLower iligher Lower  Higher lLower ‘ Higher
100 [ |0 5 63 e 4. . . e .. an
760 22 45 44 75.0 14 Wi 7 34 73.0 R 942 eri
A0 4.0 8 565 ... ... 5.7 .. 39 ... 39 .. 57
- [ '
Downward Propagation of Flame
K i S0 Lo .. e . a6 o e e Ak
Tun 2.2 15 1002 75.0 10, 2 947 | 710 9.1 M 2 24
400 13 8O 110 114 nwe ... [ St 57
|
AMMONIA himit was about 17 pereent. lgtion was at-

AMMONIA IN AIR

Teste in which ntirospheric pressure was
maintumined during the propagation of flame do
not appear to bave been made with animonia-
atr nmuxtures; hut this condition was np{)rmu-hvd
m one researeh 22y meivded i table 6, in
which @ rubber stopper at the top of the test
vessel wsunlly jumped from s seating.

Influence of Pressure.—In an apparatus in
which the only nuxture of ammonn and mr
that eculd be infinmed at satmospheric pressure
contained 21.9 peresnt ammonia, the hmts at
16 stmosplieres were 17,1 and 288 pereent
sammonia, and at 36 atmoapheres the lower

tempted by the clectrie fusion of a silver wire
(10, In the d0-dner homb (J07) the lower
limit was unchanged between 1 and 20 wimos-
pheres pressure.

Influence of Temperature.—The range of
flammability of ammonia-nir mixtures is wid-
ened as the temperature is raixed to 450° C,,
as shown by figure 9. A closed tube 5 em in
dinmeter was used. The  enlevlated  flame
temperature for the lower limits, horizontal
pm{mgu!iun, is almost constant: therefore the
preliminary  heating of the mixtare  seems
merely to save the necessity, so to speak, for
hiberation of the same amount of heat by
combustion (354).
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TanLy 6.—Limils of ammonia in air

Upward Propagation of Flame

T
Dimensions of tube, cm. Limits, percent " Content of l
b gqueous | Reference
‘ Tube © vapor, NO,
Diameter | Length Lower Hizher | percent [
H |
7.5 150 | Closed . | 17,1 | 24! 0123 334
6.0 L (See text) . .. 15.0 280 | Dried 280
5.0 150 | (losed. _ 16,1 26, 6 0.4-2.5 | 354
5.0 150 |... _do.. 16,1 26,6 oo .. } 130
| i ! i
Horizontal Propagaticn of Flame
i B o ’ { H
7.5 150 ' Closed. _._._... 17. 4 263 0425 334
50 150 do. . i 18. 2 255 0425 | 854
i ! b o
Downward Propagation of Flame
7.5 150 | Closed ... ... .. No propagation. .. .. .. 0. 425 l 354
50 i50 l Ao Lo L. do. L. I . 130
1L¢ doo oo do. R . : 361
i
Propagation Throughout a Spherical Vessel or a Bomb
i - X | - ——— -
Sphere, 0.5 liter_ . _.__. | Closed_. . 16,5 | 26. 8 }‘ 1 l 301
vlinder, 1.2 liters. _ e 16. 0 : 25.0 . o 256
Bomb, 50 liters. . . B T 16.0 .. .. . : : 197
i i i
P L;[ HEEEREERRE
| I 0o b
*tu-ix . e DT IR S -
AN REENRY.Y)
i |

o
PO

|H

Fiaven 9.—Limits of Flammability of Ammonia-Air Mixtures; Influence of Temperaturs and of Direetion of

]
ANMONIA, PERCENT

Propagation of Flame,

32
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If the mixture of ammonia and air stands
over an aqueous solution of aminonia (strength
not stated) the limits are rapidly narrcwed by
rise of temperature until at about 44° C. they
meet. Above this temperature the amount of
water vapor is sufficient to render all mixtures
of ammonia and air nonflammable (300).

AMMONIA IN OXYGEN

The earliest recorded limits known to the
present writers are those for ammonia in oxy-
gen. In 1809 W. Henry wrote “With a groater
ploportlon of pure oxygen gas to ammonia
then that of 3 :1, or of ammonia to oxygen
than that of 3: 14‘ the mixtures cease to be
combustible” (121). These proportions cor-
respond with 25 and 68 percent ammonia,
respectively.

Table 7 gives modern determinations of the
limits of ammonia in oxygen, in closed tubes.
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In a glass bulb 100 ce. in capacity the limits
at 85° C. and 380 mm. pressures are 21 and
74.5 percent (268).

In a 50-liter bomb the iimit for complete in-
flammation when ignition was central de-

ended on the nature of the source of ignition.

he lower limit, ignition by electric spark or
guncotton, was 15.9 percent; by a mixture of
sulof;x)r and potassium chlorate, 13.5 percent
(107).

From observations with a split Bunsen flame
the lower limit of ammonia in oxygen was
estimated as somewhat less than 15 percent
and the higher limit as somewhat greater than
80 percent (253).

Infiuence of Pressure.—In a 50-liter bomb the
lower limit for complete combustion was 13.5
percent at 1, 12.0 at 5, 10.8 at 10, and 10.0 at
20 atmospheres (107).

TaBLE 7.—Limits of ammonia in oxygen {closed tube)

T
Dimensions of tube, cm, Direction of propagation
{ Upward ! Horizontsl Downward Ref&r:noe
Diameter Length i ]
- Lower Higher ! Lower Nigher Lower l Higher
——— - - ———— ——— é —
7.5 i1 8 ' . . 5 . 17. 3 - 864
5.0 ) 15.3 | 6.7 79 18. 1 79 354
L7 | o ‘ - 21.0 64. 6 855
i.5 [ l ; 189 | 685 £03
— ! — i i —— e s

Influence of Temperature.—In a closed tube
5 em. in diameter the following firures were
obtained for the lower fimit (354):

Lower limit of ammonie in orygm (tloscd tube )

Temwratire

........ L Y
Hungental ywapaention . rereent | 17 Plee; 126
Downward piopagation U do... .1 181 ! is4: 138

AMMONIA IN OTHER ATMOSPHERES

Atmospheres of Oxygen and Nitrogen, of
Oxygen and Carbon Dioxide, and of Oxygen and
Argon.— The limits of ammonis in these mix-
tures have been determinad with downward
propagation of flame in 1.5- andjor 1.7-em.-
diemeter tubes (203, 3.5).

Atmosphere of Nitrous Oxide.—A very old
determination gave the limits of ammouia in
nitrous oxide, conditions net stated, as about
17 and 67 pereent (721). Recently, these
limits have been deduced by small -xtrapola-
tions of the limits found in series of mixtures of
nitrons oxude and air. They were determined
for upward, horizontal, and downward propa-

gation of flame in closed 2- and 3-inch-diameter
tubes, as follows:

Limits oj ammonia in nitrous oride {dosed Iubf)

E Upward

i Horizontal Downwerd ]

| Tube dism- T |

oler om. H ] . ‘

t bow-sr lluhcr{lmrer Nlms-l Larwer mum;

% s ; 122 0 T10 | 44 i ny oo ot

; 50 38 e l $i] 76| a8 mo .
: . ! :

"'"uh‘ hunt vrnh Hmit miztuea,

The lower limits were difficult to determine
because violent explosions sometimes occurred,
shettering the tubes, with mixtures below the
limi’ for normsal flame propagation. This is
ascrihed to the exothernie decompasition of
nitrous oxule sensitized by small amounts of
anunoma (/3¢).

Increase of temperature widens the ra
appreciably at the lower limit, slightly at the
higher hmit {130,

Atmospheres of Air and Nitrous Oxide,—The
hmits of ammonia in various mixtures of air




28 LIMITS OF FLAMMABILITY OF GASES AND VAPORS

and nitrous oxide, with upward, downward, and
horizontal propagation of flames, have been de-
termined in & 2-inch-diameter closed tube. They
accord fairly closely with Le Chstelier’s rule,
that is, mixtures of limit mixtures of the same
sort (lower or higher) are themselves limit inix-
tures (130).

Atmosphere of Nitric Oxide.—The limits of
ammonia in nitric oxide, with doewnward prop-
agation of {lame in a tube 1.8 cm. in diameter,
are approximately 20 and 65 percent (339).

HYDRAZINE
HYDRAZINE IN AIR

The limits of hyvdrazine in air, with upward
propagation of flame in a 1-inch-diameter tube
open at the upper end, ere 4.67 and 100 percent
at about 100° C. Hydrazine decomposes exo-
thermically, and its vapor can propagate flame
down to 12 mm. pressure (at 29° C.) without
the assistance of air or other supporter of com-
bustion (304).

The limits of 85 percent hydrazine hydrate in
air, determined similarly and calculated on the
assumption of complete dissociation of the
hydrate at the temperature of the tests (about
100° .}, are equivalent to 5.95 and 27.37 per-
cent N,H, (304).

HYDRAZINE IN OTHER ATMOSPHERES

Hydrazine vapor mixed with various diluenis
is capable of prepagating flame within the fol-
lowing concentrations, at temperatures ranging
from 104° to 135° C. and roughly atmospheric
pressure (304):

Hydearine timits,

perevnt
Diluent e o
Lower Higher
Niropen i 3% 0 ey
Helium oo R ! kI 1o
Water . o . I . n
Heptans [ o .. o A Hi d

]

With a spark which gave a pressure limit of 35
mm. {or pure hvdrazine, the foliowing results
were obtained. At 185 mm. {and 160° () the
lower limit in nitrogen is 48.6 percent; at 147
nim. in ammonin it is 61.2 pereent; at 332 mm.
in AN, + NO it is 271 percent (5).

- "DROGEN SULFIDE

HYDROGEN SULFIDE IN AIR

In a horizontal tube ¢ cm. in diameter and
open at both ends the limits of hydrogen sulfide
in air were 5.9 and 27.2 percent {I82),

In closed tubes 1.5 meters in length and of
different diameters the limits for mixtures con-
taining 1 percent water vapor were as follows
(356):

Limits of hydrogen sulfide in air (1 percent water
vapor) in closed tubes, percent

1 Direction of propagation of flame

i
Dlamet:l:lo! tube, | {pwara Horizontal Downward
. I

| ; ;
{ Lower | Higher | Lower } Higher . Lower | Higher

50 ... l 440 445 540
P SR poAS0 455 A30 3

2.6 6.0 9.8
5.0 55| 213
|

The limits in a closed horizontal tube, 4.5
cm. wide and 75 em. long with spark ignition
at the center, are given as 3.1 and 45.1 pereent
(283). The great difference between  these
figures and the corresponding figures in the
tabulation above was not discussed.

HYDROGEN SULFIDE IN QTHER ATMOSPHERES

Atmospheres of Nitrogen and Oxygen.—The
lower limit of hydrogen sulfide, with downward
propagation of flame in a closed glass tube
150 em. in length and 5 em. n diameter, foll
steadily from 6.60 percent in 15.6 pereent
oxygen to 4.93 in 66.6 pereent oxygen (360).

Atmospheres of Air and Carbon Dioxide.-—
With increasing amounts of carbon  dioxide
added to wir, the limits of hydrogen sulfide
approach and ultimately meet. In a closed
horizontal tube 4.5 em. wide and 75 em. long
with spark jgnition at the center, about 25
pereent of carbon dioxide W the mixture is
suflicient to prevent any mixiure inflaming
completely, and about 38 percent prevenis
partinl inflammation (383).

Atmosphere of Nitric Oxide.—The limits of
hydrogen sulfide in nitrie oxide, with downward
propagation of flame in w tube 18 mm. in
dinmeter, are approximately 20 and 55 per-
cent (3349).

HYDROGEN CYANIDE (PRUSSIC ACID'

The limits of hydrogen cvanide in air voe
said to be 12.75 and 27 pereent, but the « sies -
mental conditions were not stated (52).  Ioier
reports give 5.6 and 40.0 percent (255) and,
in a 50~cc. pipette, 7 and 41 pereent {279 as
the limite. A figure of “around ® pereent’ is
3_11(_)((\(! for the lower limit in unstated con-

itions (16).

Influence of Pressure.—In a 50~ce. pipette the
range of flammability narrows with reduction
of pressure, the limits meeting at about 50
mm. (£79).
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CYANOGEN

Table 8 gives observed limits of flammability
of cyanogen in air (265). Other observations,
under unstated conditions, gave the limits
7.6 and 38.0 percent (826), and, in small vessels,
9.8 and 24.6 percent (8) and 6.6 and 42.6
pereent (9).

For the results tabulated, ignition was by
electric spark between tungsten electrodes
4 to 5 mm. apert. No dry mixture was ig-
nitible by this spark in the two wider tubes,
but a brightly red-hot tungsten filament in
the 2.5-cm.-diatneter tube ignited mixtures

within the range 19 to 26 percent cyanogen,
after a delay of up to 30 seconds. 'The resultin

ignition resembled a detonation and shattere

the tube.

Within the range given in the table for each
of the higherlimit figures, propagation was
obtained 1f the tube had been evacuated to
0.01 mm. before introduction of the mixture,
but not if it had been evacuated to 0.001 mm.
for at least 15 minutes (265).

Influence of Pressure.—The effect of reduced
pressure on the limits of ignitibility by a weak
standard spark, rather than on the I"1its of
flammability, has been examined (8).

TanLk §.— Limits of flammability of cyanogen in air

Upward Propagation of Flame

|
Dimensions of tube, em. | ‘

Limits, percent

B — T Tube Content of aqueous vapor
Diameter Length ! Lower Higher
—_ _ — - — e
3.5 60 Closed. ... ... | 6. 17 30. 8-32. 0 | Nearly saturated.
2.5 60 odo oo L 6.3 24. 8-31. 0 ¢ Do.
2.0 60 cdo oL illl - 6. 55 29. 0-30. 1 Do.
2.0 60 . .do. ... ... ‘ 18.0 28.0-28.8 | Dry.
1.5 60 . . .do 7.1 28. 35-29. 3 | Nearly saturated.
1.5 60 . ..do. .. ... ... ... 17. 25 29. 2-30. 1 | Dry.
Downward Propagation of Flame
- R R S _ —_—
35 80 Closed . . .. _____ 6. 4 30. 1--3C. 6 | Nearly saturated.
25 60 G U . 6. 45 . 28 2-28. 7 | Do.
2.0 it do .. - i 6.70 27, 3-27.9 De.
20 60 do - 18.5 25.35-25. 8 i Dry.
1.5 60 _ _do ... ... 7.25 26.2-26. 7 ' Noarly saturated.
15 60 . _do. ... ......... ; 7.7 26, 2-26. 6 : Dry.
CARBON DISULFIDE pereent.  Examples of these are pentane, ether,

CARBON DISULFIDE IN AIR

The limits of carbon disulfide iy air with up-
ward propagation of flame in & tube 6 em. i
dinmeter and 180 em. in length, open at the
firing end, are about 1.35 and 44.5 pereent
{185): in a tube 5 em. in diameter, 1.25 pereent
is the lower Limit (/.33).

Table 9 scummarizes other determinations of
the himits of earbon disulfide in air.

Two older determinations are replaced by the
foregoing results (213, 2:0). A determination
ina very small vessel gave the limits as ¢.8 and
52.6 pereent (9.

Abnormal Influenc: of Small Quantities of a
Third Substance.—Introduction of 0.1 or 0.2
pereent of certain sub=ances mto the air raises
the lower hmit idownward propagation of
flame) of carbon disulfide from 1.9 to about 3.0

acetaldehyde, ethylene, alcohol, and acetylene.
QOther substances of similar action, but not so
marked, are benzene, acetone, hydrogen sulfide,
avctic acid, methane, and hydrogen. Carbon
monoxide, evanogen, and nitrogen have litde,
if any, such aciion. Tt has been suggested
that, as the lower limit of carbon dimﬁs‘idv is
much less, compared with that of most other
substanves, than its heat of combustion wonld
indicate, ita combustion is ecatalyzed by a
product of incomplete combustion, perhaps
curbon monesulfide, and the catalyst is readily
posoned by such substances as pentane (360),

Small umounts of diethyl selenide, tin tetra-
methyl, and lead tetramethyl have a similar
effect; 0.2 pereent of these substances raises
the lower finut for dowaward propagation of
flame m & S-cem. tube from 1.90 to 2.70, 3.45,
and 3.00 pereemt, respeetively (250).
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TABLE §.—Summary of sther determinations of limils of carbon disulfide in air

Upwai Fropagation of Flame

jon . Limits,
Dimensiors of tube, cm imits, percent Content of Reforence
— Firing end Far end ) aqueous "' No
Diameter Length Lower Higher | vapor
7.5 150 | Closed. ... Closed. .. 106 | . . | Dry. ... 368
5.0 150 | do. -l do._ .. 1. 4 50,0 | do.__l- 353
25 150 oo doo oo foooo. do_._.. L7l i _____ do.._.. 858
Horizontal Propagation of Flame
7.5 150 | Closed..___.. Closed. . ... 1.67 .. Prv_.__.._. 358
50 150 |- .. do. .. . ...~ do_._.. 1. 83 1 49.0 |_.___ do____. 353
25 150 ... do._..__l._... do_._._ 08 | .o do.__.. 358
| I
Downward Propagation of Flame
7.5 150 | Closed._.__. Closed. . ... Lot | 350 Dry...... 353
50 150 1. . do_____| . .. do._._. 2.03 | 34.0 .. .do_... 353
50 65| Open (... ....do..... 1. 90 ; 370 ... 250
2.5 150 | Closed._.____i_. ao-Go..__. 2,08 | 3.0 Dryo...._. 853
Bottle, 2 liters_____...._._ Open_._.___.J._... do...._. Lo e 221
1ALE0° C.

Influence of Pressure.—The effect of reduced
pressure on the limits of ignitibility by a weak
standard spark of carbon disulfide 1n arr, rather
than on its limits of flammability, have been
examined (8). Higher limits at 90 to 210 mm.
pressure have been given for a 50-ce. pipette
(279).

CARBON DISULFIDE IN OTHER ATMOSPHERES

Nitrogen and Oxygen.—The lower limit of
carbon disulfide, with downward propagation
of flame in a closed glass tube 5 cm, in diameter
and 150 cm. in length, fell steadily from 2.63
percent in 11.8 percent oxygen te 2.00 in air
and 1.24 in 93 percent oxygen (360).

Air end Carbon Dioxide.—One volume of car-
bon disulfide needs 22.2 volumes of carbon
dioxide to make a mixture that is nonflammable
in air (/85). The higher limits at reduced

ressurcs have been given for some mixtures
1n 8 50-cc. pipette (279).

Air and Carbon Tetrachloride,—One¢ volume
of carbon disulfide needs 5.2 volumes of earbon
teirachlorice to make & mixture that is non-
flammable in air.  This figure is much reduced
by adding to the carben disulfide 5 to 20 pereent
ethyl bromide, tin tetramethyl, or gazoline
(boiling point, 45° to 50°) (251). Another
observation i that 1 volume of earbon disuifide
needs 7 to 9 volumes of carbon tetrachloride
to make a& mixture that is nonflammable in air

{(downward propagation of flame) (£90). An-
other result seems impossibly small (282).

Air and Other Substances.—All mixtures of
air and carbon disulfide are rendered nonflam-
mable (downward propagation of flame) by 55
pereent of a mixture of 23.6 percent carbon
dioxide and 76.4 pereent nitrogen, hy 20 perceat
ammonia, or by 45 peveent sulfur dioxide (290),

Nitrous Oxide, Nitric Oxide, and Nitrogen
Peroxide..—The limits of flammability of carbor
disulfide in nitreus oxide in an electrie light
bulb (ignition by fusion ef a wire) were about ?
and 52 percent at 350 mm. pressure.  As the
pressure is redueed, the limits approach each
other, and below 14 mm., no mixture i Jam-
mable (344). The limits in nitrie oxide under
the same conditions are 4.5 and 59 percent at.
400 mm. pressure; below 30 mm. no mixture
is flammable (3.]3).

The limits of carbon disulfide in any mixture
of nitrous and nitrie oxides, at 150 mm. pres-
sure, can be read from curves in the original
bulletin (345).

Limits of ignitibility by a weak apark (rather
than limits of flammability as claimedy of
carbou disulfide in nitrie oxide and in nitrogen
peroxide have been recorded (8.

CARBON OXYSULFIDE

The Bmits of carbon oxysulfide in air, ob-
served, perbaps, inoa cudiometer tube were
1.9 and 285 pereent (150).
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CARBON MONOXIDE
CARBON MONOXIDE IN AR

When a small spark was passed near the
lower confines of a carbon monoxide-air mixture
standing over water iz a vossel 6 feet high and
12 inches square in section, the fellowing
observations were made (63):

123 and 12.33 percent carbon menoxide.—
Stout ring of flame was formed, but flame did
not travel the whole length of the vessel.

126 and 12.7 percent carbon monozide.—
A ring of flame first formed, then broke and
filled the upper part of the vessel with striae
of flame.

12.9 percent carbon moenoride.~—~A flame as
wide as the vessel itself, with a strongly curved
convex front, passed slowly and steadily up
through the whole mixture.

In a wide space, therefore, it was concluded
that the lower limit of carbom monoxide in air
was 12.5 percent carbon monoxide.

The higher limit of flammability has not been
determined in large vessels, but experiments
in & wide, short vessel and in a long, narrow
vessel have indicated (64) that the higher limit
in a large volume is about 74.2 percent car-
bon monoxide.

The figures for both limits refer to gases
saturaied with water vapor at 18° to 19° C,
When water vapor is removed as completely as
i passible in laboratory experiments, the most
explosive mixtures of carbon monoxide and
oxvgen can be ignited only by unusually
powerful electric sparks, but passage over
caleinm chloride raises the lower limit of
carbon monoxide in air, in a tube 2 inches in
diameter, from 131 to 159 percent (70).
Other experiments with roughly dried mixtures
gave the limits 15.8 and 685 percent for a
2.nch-diameter tube, 14.5 and 68.4 pereent
for a 4-inch tube (33).

The limits with downwerd propagation of
flame have not been :tetermined n large vessels.

Observations in Small Vessels.—Tue lower
limit with upward propagation observed in
closed vessels rose somewhat as the diameter
of the container was deereased ; the limits were
12,8, 13,1, and 13.2 pereent in 3-, 2-, and Lineh
tubes, respeetively.  The corresponding higher
limits were 72, 72, and 71 pereent (356).

Figure 10 indieates the limits with downward
yropagation in tubes of various diameters,
he Imits nezrow eapidly when the diameter
of the tube fails below 1 em. and ecoincide wher
it 1= a little more than 2 mm.

The Jower limit with horizontal propagzation
(356) in clozed tubes iz 159 percent OO for a
tubo 25 mm. in diameter, 14.1 percent €O for a
50-mim. tube, and 13.6 percent CO for a 75-mun.

tube. The limits for propagation throughout
a closed 35-ce. globe with side ignition are 14.2
and 74.7 percent (297), and for propagation in a
350-cc. globe with ignition near the lowest
point, 12.7 and 75.4 percent (368).

In round figures, therefore, the limits for
carbon monoxide in air saturated with water
vapor at laboratory temgerature and pressure
are 12.5 and 74 percent CO for upward propa-
gation, 13.5 percent CO (lower limit) for hori-
zontal propagution, and 15 and 71 percent CO
for downward propagation. The figures for
horizoatal end downward propagation are
based on observations in closed tubes in which
the gases were under variable pressure during
the experiment.

Influence of Pressure.—Figure 11 shows the
limits of carbon monoxide in air under pressures
greater than atmospheric (17, 18, 324). The
effect of raising the initial temperature to 100°
C. and of saturation with water vapor at 100°
C. is shown for pressures of 32 and 64 atmos-
pheres. The range of flammability of dry mix-
tures is narrowed by increase of pressure,

At higher pressures than those in figure 11
the range of flammability widens sotnewhat,
until at 800 atmospheres the limiis are 19.2
and 57 percent carbon monoxide (19).

Some old experiments below atmospheric
pressure gave the following limiting pressures
of flammability, with downward propagation
of flame in several mixtures of carben monoxide
and air (220):

Limiting pressures for downward propagation of
flame, carbon monoride<air mirtures

| Pressure . Pressure
at which | at which

Cwrbon monozide, percent flame was | flame was

1
propa- ° not props-
| gted, | misd,
[ mm. | mm.
44 ! 411
14 | 12
" ™
™" ™

tThe last mixture In this {81 could not he ignited at 7& mm.
efther Ly an {ndustion-col) spark or by the flame of guncotton,

More recent experiments, made in a burette,
indicated a small incresse in the higher limit
as the pressure was reduced (869,

Influence of Temperature.-— Four sets of obe
servations hiave been made (2, 220, 297, 358)
on the influence of temperature.  Probably the
most relinblo resulta are those (358) in table 19,
determined in a closed tube 2.5 em. in diameter
and 1530 em. in Jength, with downward propa-
gation of flame.  These resulte are plotted in
figure 12 with two older approximate values
indicated by aturs (<X that extend the lower
limait results to nearly $00° €
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Fiaure 10.—Limits of Fiammability of Carbon Monoxide in Air (Downward Propagation), Showing Effect of
Diameter of Tube.

At 659° C. a 5.65-percent mixture was  monoxide in air. It is remarkable that the cal-
inflamed (2/6); at 727° an 82 9-percent mix-  culated flame temperatures for the higher-limit
ture was inflamed (£88). mixtures should be so much lower than those for
the lower limits; an ad hoe explanation is that
the higher-limit mixtures react morc rapidly
than those of the lower limit, as the law of mass
action puints (o most rapid reaction, at constant
tempersture, i the mixturc that contaings 66.7

E Limits of fammabilit ? . . . f
| olearten mc'mmm.,’i (Suienlated fare Sm-ont- carbon monoxide; but the difference in
i ‘ :

Tasue 10.—Influence of temperature on limits of
Slammability of carbon monoride in air

Tempersture,oC, | VUMt TR . anie temperatures for the two limits seems too
; . great to be thus explained.
| Huner | fomer o Tieber The influence of temperature on the limits at
et e oo 20w high pressares is shown m figure 11,
: mo{  Lew Lm Influence of Impurities.—The Jower limit of
syl rim i carbon monoxide in air, with downward prop-
s b@e o agation of flame, was raised 3 pereent by ﬂ('ili‘
Lo Les tion of iron arbonyl (0028 ce. liguid vaporized
o b W™ perditer). The higher fimit was redueed from 69
s i Lo L™ toabout 43 percent by addition of iron earbonyl

(0.022 cc. hquid vaporized por liter) 13231,

. The lower imit, with upward prepagation of
The flame temperature necessary to prop-  flame in a 2-inch=lismeter tube, was not alfected

agate flamo downward is muchi above the igni- by the addition of 0.3 or 1.0 percent of ratric

tion temperature (650° C.) of a jet of carbon  oxide (70).
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Fravrre 11.—LEffect of Pressures Above Normal on Limits of Carbon Monoxide in Air.
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Fsaere 12.—Limits of Flammability of Carbon Monoszide in Air (Dowawerd Propagation of Fismes, Showing
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CARBON MONOXIDE IN OXYGEN

The second earliest recorded limits known to
the present writers are those for carben monox-
ide In oxygen. In 1810 John Dalton wrote
“* * * ynless the carbonic oxide amount to
at least one-fifth of the mixture, it will not ex-
glode; and the oxygen must be at least one-

fteenth of the mixture” (76a).

The limits of carbon monoxide in oxygen,
with downward propagation of flame in a Bunte
burette 19 mm. in (Eameter, were 16.7 and 93.5
percent in nearly pure oxygen (323); in a closed
tube 17 mm. in diameter, 16.7 and 93.9 percent
(8456). Yor propagation throughout a 35-ce.
globe with side ignition the limits were 15.2 and
93.9 percent (297). Earlier observations ave
consistent with these figures, except that
Wagner’s low-limit figure was too high becausa
he used a weak source of ignition (243, 346).

Influence of Pressure.—The limits were not
appreciably narrowed until the pressure was

uced below 150 mm., when & moderately
strong igniting spark was used. At lower
pressures ignition becomies difficult to insure
(66, 86).

Influence of Temperature.—In & 35-ce. closed
bulb the limits were 15.5 and 93.9 percent at
15° C. ard 14.2 and 95.3 at 200° C. (297).

CARBON MONOZIDE IN OTHER ATMOSPHERES

Atmospheres of Composition Between Air
and Pure Oxygen.—With downward propaga-
tion of flame in & Bunte burette 1.9 cm. in diam-
eter the lower limit rose gradually from 15.6

ercent carbon raonoxide in air to 16.7 percent
in nearly pure oxygen. The higher limit rose
from 70.9 percent carbon monoxide in air to
87.6 in a 31-percent oxygen mixture, 91 percont
in & 71-percent oxygen mixture, and 93.5 per-
cent in nearly pure oxygen (325).

Atmospherss of Air and Nitrogen (Air De-
ficient in Oxygen).—The limits of flammability
of carbon monoxide in all mixtures of air and
nitrogen, or air from which part of the oxygen
has been removed, are shown in figure 13, The
determinations were made in a tube 6 feet in
length and 2 inches in diameter, with upward
gmpagation of flame from an open end (133).
‘rom the ordinates of the “nose” of this curve
it may be calculated that no mixture of carbon

OXYGEN iN ORIGINAL ATMOSPHERE, PERCENT
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Ficene 13- Limits of Flamaability of Carbon Moenoxide in Lir and Carbon Dicxide or Nitrogea,
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Ficrre 14.—Reolation Between Quartitative Composition and Explosibility of Mixtures of Carbon Monoxide,
Air, aud Nitrogen,

meonoxide, nitrogen, and air at atmospheric
pressure and temperature is capable of prop-
agating fiame if it contains less than 5.6 percent
oxvgen (167).

“or some purtwses the resuits are more useful
when expressed {62) as in figure 14. For
example, & mixture that contains 20 percent
carbon monoxide, 8 percent oxyvgen, and the
remainder nitregen 18 explosive.  H the oxvren
iv reduced to 4 percent and the carbon mon-
oxide remains at 20 percent. the mixture is no
longer explosive but will becore g0 on admix-
ture with suitable amounts of air. I the carbon
monoxide 8 less than 20 pereent and oxygen is
absent, no mixture with air is flammable.

In figure 14, “impossible mixtures” cannot
be praduced by mixing air, nitrogen, and earbon
monoxide.  Fer more detailed  explanations
compare the corresponding section on methane
hmits in muntures of air and nitrogen.

The limits with downward propagation of
flame in a closed tube 2.2 ¢t in diameter have
also been determined (341).

All Atmospher:s of Oxygen and Nitrogen.—
The limits of earbon monoxide in all mixtures of
oxygen and nitrogen. with downward prop-
agation of flame in tubes 1.5 and 1.7 em.
diameter, are given in triangular disgran.s
(228. 343).

Atmospheres of Air and Water Vapor.—The
limits of mixtures of carben monoxide and air
standing over waler in a 3il<c. spherieal
vessel, and ignited nesr the water surface, have
been determined at various temporatures, As
the temperature nmses, and consoquently the
water-vapor content also, the lower limit rises
slowly and the higher limit falls rapidly, as with
other diluenis. When 54 percent of water vapor
ix present the limite coincide at about 18 percent
carbon monoxide (368).

Earlier experiiuents, made in a Bunte burette,
show similar ¢'Tects, but the renge of flamma-
bility 18 narrower (43).

Drying by caleivia chloride has un appreciable
effect on the lowei limit of carbon monoxide in
aic (p. 31,
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Atmospheres ot Air and Carbon Dioxide.—
The limits of flammability of carbon monoxide
in 2l mixtures of air and carbon dioxide can be
rexd from one of the curves in figure 13. The
determinations were made in a tube 6 feet in
length and 2 inches in dinmeter, with upward
propagation of flame at atmospheric pressure
dunng propagation (133, 117

Earlier observations (43) show, as might be
expected. more rapid narrowing of the limits in
Bunte burette experiments,

The limits with downward propagation in a
closed tube 2.2 em. in dinmeter have also been
determined (341).

Atmospheres of Air and Argon or Helium.—
The limits of carbon monoxide in mixtures of air
with argen and with helinm, with Jownward
propagation of flame in o closed tul - 2.2 em. in
diameter, have been determined (3.7,

Atmospheres of Air Mixed with Vapors of
Halogenated Hydrocarbons.—The “theoreti-
eal™ mixture of carbon monoxide and eiv (29.6
jereent COY was rendered nonflammable i a
4 4-eme~dinmeter tube, open nt the fivine end,
by (@) 2.05 pereent of carbon teteachloride for
upward propagation of flame gnd (b)) 116
pereent for downward propagation. Un redue-
iy the percentage of nmitrogen, more earbon
tetrachloride was reqanred, and on inereasing it
less was requiced, but the ratio of (@) to (&)
remained constant (913,

Series of presults showing  the lower and
higher fimits of carben moneside i air con-
taining increasing amounts of the vapors of
dichlorocthylene and  trichlorocthvlene have
hoen reported; they were observed i snialdl
hurettes 15 m. in dimmeter, <o have himited
value (2499, Smilar experinents have boeen
made with the vapors of otiier halogen deniva-
tives L 138),

The addition of Jnercasing amounts  of
micthyl bromide to the air canses tue himits of
enrhon mononide to approack snd, inow 2oach.
dinmeter tuhe, to meet when 5.2 pereent of the
mizture s miethvl bromide @0 For o com
ment, campare the corresponding paragraph on
hedrogen . 2,

Atmospheres in Which Nitrogen of the Air Is
Replaced Ly Carbon Dioxide. In n viowed 35
co. globe with side gmitien the limits were 218
and 72N percent carhon monexide in o moature
of 20.9 pereent oxviten nod 790 pereent earhon
dionide comparsl witl, 142 and 747 pereent,
respectively, o airin the same appaeatus (2990,
Soine earfier figuces (G005 may be regardisd ns
supplanted by these Sust quoted, Resnbis
showing the infhuraec ef tapernture on himits
in this series ure irregutar,

Atmospneres of Oxyge.. and Carbon Dioxide
and of Oxygen and Argon. Luuis 1 these
atmosplicres have been deternined with down-

ward propagation of flame in 8 1.7-cm.-diameter
tube (355).

Atmospheres of Oxygen and Chlorine.—The
limits of earbon monoxide in mixtures of oxygen
and chlorine, with downward propagation of
flante in & tube 15 mm. in dinmeter, are plotted
in a triangular disgram.  No mixture of carbon
monoxide and chlorine was flammable (2287,

Atmospheres of Nitrous and Nitric Oxides.—
The limits of carbon monoxide i nitrons
oxide, with downward propazation of flame in
a 15-mm. burette, are INT and 836 pereent
(3, i wittie oxide (wrongly ealled nitrons
oxide by the author o Netherlands chenist
writing i English), 3000 and 4854 pereent (22851,
The region of lammabiity of mixtures of carbon
monoxide with nuxtares of ntrous and nitrie
oxides has been plotted ina triangular dingram
(339), bat the spark used was too weak to ignite
any mixture of carbon monoxide and nitrie
oxXide (22N,

Dilution of 2CO+G,.—The following results
were obiained with downward propagation of
Hame in dilated 20000, 0 a Bunte buretie
19 mm. in diametes (253

Edleet of dibuewts wpon flanasabiility of 2000400,

PRI IO S i YR )
nhioh,
. Herrge
Dilnent of e :
OXA e 20
Nitrogen 266
Carbare Jdionide 503

Nitrogen evidentiy has o slizshtly greatar
extinetive action than oxygen, althougly i has
fess heat capacity s earhon dioxide, which has
tmineh crenter heat enpaeity, also has o owres or
extinetive artion

CHLORINE
ATMOSPHERE OF FLUORINE

When a mintare of chilorme and thiorine was
sparked o smndh exlindreieal tabe, o vellowish
red e spremd throngh the tebe, necomipunied
ly_\‘ i) l',\‘!)hh‘iun when the lll'l\')t)l"ltnl]\‘ of the
gases were suitable. Onodeving the ases and
appamiits completely no reaction oceiirred, bt
on sdimtting moistuee, flame amd explosion wor
atice inove chtwmed o Apough th s fines
were not obtainesd e these experiments, they
show that chlorme and fluorine form flammable
ruxtures ander certuin conditions,

CHLORINE MONOXIDE
ATMOSPHERE OF OXYGEN

Al msixtures of ehilorine monoxide and axvgen
contining more than 235 pereent of the forer
are enpable of propasating ilnme vpward when
“rmted” by g spark inoa tabe 3.4 2mo i Jn-
cier and 0 e dength (8).
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METHANE
METHANE IN AIR

When a spark was passed near the lower
confines of methane-air mixtures standing over
water in a vessel 6 feet high and 12 inches
square in section, the following observations
were made (63):

4.0 perecnt methane—A vortex ring of flame
traveled upward about 12 inches, broke, and
died out as a tongue of flame about 12 inches
higher.

a3 perecid methane—-Tn one experiment tne
ring of flame resolved itself into a flame that
traveled steadily to the top of the vessel; in
other experiments the flame beeame extin-
guished during a violent uprush on one side.

a4 perecut anithanec - A steady flame with a
convex front passed throughout the mixture,

These experiments bave heen repeated with
a glass exlinder 7 feetin hoght and 10 inches in
dinmeter.  The Himit observed was 5.32 pereent
methane,  Steady  conditions  were  obtained
more easily in the 10-inch tube than in the box
s,

Independent  observers  conducted  experi-
ments i a vessel similar to that first deseribed,
which led them to conlude that the lower
limit for imflammation upward was about 4.9
pereent methane 9, Comparison of the two
sets of experiments shows, however, that they
were condueted diferentive In each set the
s was tenited electrieally at the lower end
of the vessel;in the fimst <0t the flame traveled
toward the closed end with o release behind
the flamwe. but in the second st the flame
traveled from the clozed end toward n paper
dinphragm  that  “upon  wmition broke and
gave a vent for the bumed gases” “The
suthors higve repmited both sets of experiments
and vonfirmed both resubts: the figures obiained
were 50N pereent for propagation upward
awny {rom the open end and 501 pereent for
upwand propagation in the sane vessel toward
the open ond. However, there was o great
Jifferenee Between the appearanee of the Lt
flamies in the two tests. dn the fid they
appeared, after traveling about 12 inches, to
he spreading from side to side of the vessel
with o stronglv convex front amd to travel at
untforn spead; o the zecont the flame was
wpparently not continuous from side to side
but consisted of innumerable vertieal streaks
of fhrme, traveling much faster and evidently
in & wrhulent mixture. 1t was diffiendt to he
sure that the intter flame conlid travel indefi-
nitely and not be extinginslied. In the former
exprritents the flame traveled into guiescent
gas: n the atter the flame travelad o s
thut had considerable motion on account of
upward ox }
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Hence, the conclusion is that, in & wide
sg.ce, the lower limit of methane in air saiwurated
with water vapor at laboratory temperature is
5.3 pereent methane, but that, if the flame is
traveling upward from the closed to the open
end of a vessel in gas which is therefore in mo-
tion, it may travel at least 6 feet when the pro-
portion of methane is not less than 5 percent.
Furthermore, in certain circumstances “the
flames of mixtures containing 5.3 to 5.6 percent
of methane are very sensitive to extinction by
shock” (6.3).

The higher limit of methane in air saturated
with water vapor has been determis d in a
glass tube 7 feet in length &nd 10 inches in
diameter to be 13.87 percent methane (68).
This figure may be taken as correcting an earlier
and higher estimate (64) based on observations
in short, wide vessels and long. narrow vessels.

In a similar vessel with a paper release at the
top equivalent to an open end, the b gher limit
was 15.2 percent under the condition of move-
ment imparted to the gases (46).

Downward Propagation of Flame.— 1 s large
box nearly 6 feet long and 12 inches square in
section the limits with dewnward propagation
of flame in a quiescent mixture were 5.75 and
13.6 perceat methane; when the box was closed
at the 1op and open at the bottom, so that
motion was imparted to the mixture by the
expansion on burning, the lower limit with
downward propagation was 5.45 percent (45).

Horizontal Propagation of Flame.—In the
same hox the lower limit with horizontal propa-
gation was 5.55 pereent methane,  The position
of the open end, whether behind or ahead of the
flame, was not stated (33).

In a horizontal glass evlinder 7 feet in length
and 10 inches in diameter the linits with propa-~
gation throughout the length of the tube from
open 1o closed end were 542 to 14.03 pereent
methane.  The mixtures were only  partly
suturated  with water vapor: if completely
suturated, the higher limit would be reduced
somiwhat, probably to a value not exceeding
1387 pereent methase- that with  upward
propagation in the sante vessel {88).

Observations in Small Vessels.-—Numerous
observations have been made of the hmits of
methane i small vessels.  On the whole, the
results are fa’- 1y consistent, as shown by tables
11 te 14 when allowance is made for variation
in experimental conditions. Ouistanding dis-
crepant figures arve not quoted here, beeause
they have been oxpluned as due o faulty
experimetit or faulty interpretation. For ex-
ample, in st least one research it is certuin that
the miixtures of methane and air were net ho-
mepencone: mognotnr (278 the observation
change on spurking was

HER I TR 1]
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flammability; in a third (232) the flame speeds
in a series of flammable mixtures of methane
and air were extrapolated to zero speed, the
corresponding composition being taken as the
limitt of flammability—an error, because a
“limit” mixture has a flame speed that is far
from zero. Many of the older figures are
omitted because they are but rough approxi-
mations compared with more recent results,
with which, however, they are not at variance.

A recent series of experimonts in narrow
tubes has, however, given some anomalous
results, not yet explained. In a 2-cm.-diameter
tube 60 cm. long, the limits were normally 5.40
and 13.72 percent; but, after the tube had been
cieaned with chromic acid, washed, dried, and
evacuated te 0.001 mm., the limits observed
were 4.70 and 12.86 percent. An extended
series of experiments was then made with a
“natural gas” containing 94 percent of methane
and 0.5 percent of ‘‘various hydrocarbons.”
Tubes 2.5, 2.0, 1.5, and 1.0 em. in diameter
were used, and both limits were determined for
upward and downward propagation of flame.
The “clean-tube’” limits were always lower than
the corresponding “normal-tube” limits, the
difference ge’mg independent of tube diameter

LIMITS OF FLAMMABILITY

TasrLe 11.—Limits of flammability of methane in air, with upward propagation of flame in tubes

OF GASES AND VAPORS

for both limits (downward propagatien) and
for the higher limit (upward propagation). 1t
is difficult to explain a “wall effect” that is
independent of tube diameter (26).

Upward Propagation in Small Vessels.--Table
11 shows the limits with upward propagation
of flame in mixtures of methane and air in the
smaller vessels. It is evident that the limits
found in wicde vessels open behind the flame- -
5.3 and 13.87 for gases saturated with water
vapor—are not appreciably narrower in open
tubes 5 em. in diameter. In closed tubes,
however, the higher limit is greater than in
oi)vn tubes of cqual dinmeter. This is ex-
plained by the obscervation that increase of

pressure raises the higher limit; enough fm-s-
sure to affeet the limit is developed in closed

tubes in the carlier stages of propagatior, while
the flame is still assisted by the initial impulse
from the source of ignition. This explanation
is contirmed by & comparison of two experi-
ments in tubes of the same dinmeter (5 em.}
but of very different lengths.  The shorter tube
rave a greater higher-limit figure than the
onger tube, because the pressure must rise
fasbtor and to a greater quantity in the shorter
tube.

Dimensions of tube, cm.

Limits, percent ; '

__J Firing end ’_ e Content of Reference
] ! | . Agueous vapor No.
Diameter | lLength i Lower Higler
. | | S
i :

10. 2 06 ] Closed. ._____ . ... ! 5. 00 l 1500 0 Dry_. . 1452
7.5 i 150 dooo Lol 535, 14 85 | Half-saturated . . 398
8.2 33 Open. ... .. N 5. 45 135 Saturated. .. 95
6.0 200 . Closed.. ... _...._. 5. 40 148 . Smgll_ | . 33
53 150  Open. . ... ... .. 526 43 Dey. o ? a3
50 30 Clored ... ... .0 L , 1h 11 ‘ hy
5.0 150 Open . . 5. 40 14.25 | Haif-saturated 85
50 150 do ool A 5. 24 1402 Dey. o H
510 180 do oo | 5. 33 | 1380 Saturated #y
4.7 100 C.do oL o 5.3 143 Small . 260
40 100 Closed . .. . 5.5 141 819
27T .. Open. ... . o 528 Cley 223
25 150 - o 53 Saturated . 27!
25 ] 150 Closed ; 5. RO 1320 Half-saturated . 354
225 ; 125 Open . . . 548 Nearly dry 1ie

i : :

Horizontal Propagation in Small Vessels.—
Table 12 shows the limits with horizontal prop-

ration in the amaller vessels.  The limits for
closed tubes are narrowed n‘)prm'iahly by re-
ducing the diametr of the tube to 25 em.  In
oi)on tubes the limits meet when the diameter
of the tube is reduced to 045 em. Flame 18
not propsgated, except for a short distance
from the source of ignition, along a tube 0.36
cm. in diameter.

Downward Propagation in Small Vessels, —
Table 13 shows the limits with downward prop-
agation of flame in the smaller vessels.  The
limits throughout are somewhat narrower than
those found in the largest vessel for the same
direction of propagation.

Propagation in Spherical Vessels.—Table 14
showsa the limits for propagetion of #Hlame
tbmu¢dmut mixtures of methane and air
ciosed spherieal vessels of various sizes. The
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TaBLE 12.—Limits of flammability of methane in air with horizontal propagation of flame in tubes

Dimensions of tube, em. - |‘

Limits, percent i

I, ; Firi d ! Cortent of i Reference
: ! irtng e [ | agqueous vapor No.
Diameter |  Lengtt Lower | Higher |
- —! h — [ S _. - |
75 | 150 ! Closed. .. _ __. . ‘ 540 ' 13. 95 | Half-saturated. .. § 3586
6.0 200 ¢ dooo...o .. 54  + 143 | Small. . _. : 33
50 150 doo ool 5.65 ! 13. 95 , Half-saturated. __. 366
5.0 50 do.oo.. ... 5.89 | .28 bt
4.0 100 do__...... . 5.6 | 1329 L 210
27 .._..... topen..._._.. ... 5. 64 : P Dry_ ... . 225
25 150 .. do._..._.___... 5.85 | 13.3 | Saturated. . _ .. __ 271
25 150 | Closed . ........... 6. 20 { 12. 46 | Half-saturated. ___ 856
225 125 1 Open ... ... 6.04 . __.. Nearly dry ... _. 110
2.0 40 | Closed . . ... 5. 59 13.31 1. 77
.90 300 Open ... _...... 7.8 | 11.6 | Saturated_.__. .. 276
Kl 300 do__ ... . 83 1.9 do_. ... .._.. 278
.72 300 Ao .. 8.4 10. 6 odo_. ... 76
. 58 300 do_ . o 8 4 10. 6 s [+ T 76
.45 ¢ 300 doo ... _. 19 95 ! do ... .._.._. 276
.36 | 300 do.. . ... Nil. ‘ ..... do..._...._... 276

t Limits coincide at this composition,

TarLe 13, -~Limits of fammability of methane in air, with downward propagation of flame in tubes

. i
Dimensions of tube, cm. :

Limits, pereent ‘

}

| . Content of Reference

l Firing end | &QUEOUs vapor No.

Dismeter Length | i Lower Higher
] | e
80 | 37 ' Closed. . . . 59 12.9 ' Saturated. ... . 22,
7.5 | 150 do... ..... 5 05 13. 35 | Half-saturated . . _. 356
6.2 | 33 Open._ ... . ... .. 6.3 . " Saturated. ... .. 85
61 | 20 .. 6. 1 130 Partly dry_.. . .. 825
6.0 200 - Cloged . . . . 6. 0 134 Small . . .- 33
oo H doo.. . 5 =80 13 3% . - bl
5.0 | 150 “do__. 8 12| 1325 | Helf-saturated . _ .. 256
50 | 125 - Open 5 R5 | | Dry._ .. : ;
40 | 100 Closed 6.1} 133 210
LT Cpen . 5 Nt PDry. 225
25 150 do__ 6.1 L i Saturated - 27
25 . 150 Closed 6. 21 i 12 80 | Half-zatarated . 356
2. 2h 125 Open . ‘ 6 11 © Nearly dry imn
22 ... Closed i 56 i3.6 . . 841
LY 10 do : 61 1228 | Saturated. . _ ... 95
Lo 10 do 615 | 120 . do. S 383
.1 ) I Open : (T3 S { Dry . 205
515 de : 03 . [ o 2}

limits become snmewhat narrower as the size
of contatner is decreased and generally corre-
spond more nearly with the himits for downward
propagation in tubes than with those for cither
nonizontal or upward propagation.

All Directions of Flame. - Fipure 15 shows
the lower Limits of methane iu a tube 2.25 em.
i dinmeter and 125 em. in length, open at the
firing end and inclined at varions angles.  As
the direction of flame is changed from vertically
upward to vertically downward, the iucrease in
the lower himit is propoertional 10 the change of
angle over the ratice 90° to abont 30° and to

the change in sine of the angle from 50° to
—00° (i10).

Tanve 14 -Limits of fammability of methane in
air, in spherical pessels

Samits, pereent

Capectt Content of Ref-

of vensed, Polnt of - - Lo erenes
« imition \ N
fower Higiwr apor -Ne

20 Central L . Saturated. ..’ ”r

200 ) L& wex Dry.. 3.9
10 Above L) "o . i
3 Side g o 124 Iy . w7
& e Sv 131 returste! [ 4
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Fiavre 15.—Llower Limit of Methane for Various Direetions of Propagation of Flame in 8 Tube 2,25 Cm, in
Diameter.

Influence of Turbulence and Streaming
Movement on Limits of Flammability.— When a
smadl fan was rotated cupidly cnough but not
too rapidly in methane-air mistures contained
in a 4-liter globe, the lower limit of methane was
5.0 percent eompared with 5.6 percent observed
for quiescent mixtures in the same vessel, I the
turbulence was too viclent, however, even a
5.6-pereent mixture didd not propagate more
than a sbhort tongue of Hume (33, 350).

A streaming movement of the gas mixiure
produces samitar effects on the lower mit. Ae
a speed of 33 to 65 em, a second (69 to 128 feet
a minute) flame was propagated in a 5.02-per-
cent methane-gir mixture bt not at any speed
in 8 5.00-percent mixture (236).  Hence, under
approprinte couditions of movement of the gas
mixture, the lower limit of methane 15 5.0 per-
cent.  The same figure was obtained when

movement of the mixture was produced by
expansion caused by it own combustion in
experiments on the propagation of fiame from
closed to apen end of a lagze vessel (p. 137),
Reference miay be made to observations ef the
effect of turbulence, in semewhat different cir-

cumstanees, on the fower limit of natural gas in
air (p. 115),

Influence of Pressure.—No measurable
change in the fimits of methane in air could be
discovered, either when the pressure was varied
between 753 and 794 mum. (223) or, in the lower
limit for upward propagsation of flame, when
the pressure wes varied from 1 to 2.9 wunos-
pheres in a vessel of 113 hiters eapacity (211

An interesting commpatison has been made of
the effect of change in pressure from 1w 6
aimospheres on the limits with  downward
and horizontal propagation in tubes 2 cm. in
dinmeter (235, 277). With downward prop-
agation, the linita change steadily from 6.00
and 13.00 peroent st 1 atmosphere (o 6.40 and
1405 pereent at about ¢ stmospieres. With
horizontul propagation, the lower lunit re-
mained nearly constant {5.6 percent) over this
range of pressure; the higher limit rose steadily
from 13.31 percent at 1 atinosphere to 16.12
percent at about A5 atmoerpheres.  In these
exprriments, thepefore, the lower limit with
horizontel propagation was unchanged. but
that with downwurd propagation incrensed
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steadily with increasing pressure. The higher
limit with horizontal propagation increased
more rapidly than that with downward prop-
agation. (For an interpretation see, p. 4).

The limits observed under very high pressures
(14, 17, 324) are shown in figure 16, One series
of higher limits (51) is omitted, because it
starts with too low a figure (10.65 percent) for
1 atmosphere pressure, The rapid increase in
the higher limit is remarkable. ‘The differences
in the three series of results are to be ascribed
to differences in experimental method and in-
terpretation. Experiments almost of necessity
had to be conducted in small vessels, but the
results doubtless are a fair indication of the
possibilities of explosion in larger vessels holding
mixtures of compressed gases.

Figure 17 shows limits at less than atmospheric
pressure and at various temperatures, in & tube
2 cm. in diameter and 50 cmn. in length, with
downward propagation of flame (239). The
curve for 20° (. shows much wider hmits at
low pressires and extends to much fower pres-
sures than those observed in an older series of
tests (47). The more recent results were
obtained with a stronger igniting spark; sparks
that will ignite a flammable mixture at normal
pressures may be much too weak to ignite it
at Jow pressures,

Hxperiments in & wider tube, 5 cm. in diame-
ter and 50 em. in length, compare the limits for
different directions of propagation of flame at
pressures less than atmospheric (277). The
curves for these limits are plotted in figure 18.
Data were not obtained for upward propagation
at the lower limit because, in the rather short
vessel used, the issue vas confused by the large
“caps” of flame above the igpiting spark. A
complete curve for horizontal propagation in a
tube 1.5 cm. in diameter and 120 cm. in length
has, however, been obtained (125). It shows
& small abnormality on the higher-limit side
at 150 to 200 mm. pressure, where ‘‘green flames”
were observed. A complete curve for propa-
gation in a burette has alsc been obtained (#6).
Other curves for propagation in narrow tubes
show abnormalities on either the lower- or
higher-limit side at reduced pressures (99).

Influence of Temperature.—Several older ob-
servations have been criticized unfavorably on
the grounds that the mixture underwent partial
combustion in the heated experimental vessel
before it was tested and its composition was
thereby altered enough to affect the results,
The less exceptionable results are compared in
figure 19, which shows lower and higher limits
up to temperaturee at which spontaneous
inflammation of the mixture was almost instan-
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FicUrE 16.~Effect of Preseures Above Normal on Limits of Methane in Air.
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Fiaure 17.—Limits of Flammability of Methane in Air (Downward Prepagation), Showing Influeuce of Pressure
(Below Normal) and Temperature.
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Fravnn 1w,

Limits of Flammability «f Methane in Air (Downward Propagation), Showing Intlucuee of

Tempwrature,

tancous. In each &eries the  direction of
propagation of flume was downward; the other
conditions are indieated on the figure, turether
wiih the referenee numtbers.  As will be noted,
the rmnge of flanunability iz widened con-
siderably at both limits by inerease of tempera-
ture, but erdinary vanantions of atioasphene
tempernture have su insignficant effect ®

Fipure 17 shows the temperature offect at
pressures fess than normal.

The differences between the results of the
several sets of tests in figure 19, altheugh sl
for lower limuts end not very lanre for higher
limits. are real and must be due to the nse of
different  gpoaratus.  For higher lhimits the
length of tibe used seems to be the determiming

& Furmubse to rypress the influecee of tomyps estigee on The linst bave

[P SIURTINY LN R 1 T S AT TN S A Ph.n it Jeower Bt
LT R 1 B T E TR 1T 0 B PR S NI Y]

factor, as shown by series 2 and 4 (fig. 19) with
tubes of nearly the same diameter. Hence
all the results are relative to the apparatus used
and do not show the influcnee of temperatuse
on limits defined as & property of the gas
mixture slone.  The resuits may. however, be
taken as an indication of the effect of tempera-
ture on the true limits.

An unvonfirmed observation s that, althongh
the limits in moist methane-anr wuxtores gre
widened by merease m temnerature, the lower
limit as well as the Ligher it is much raised
by inerease of temperature when the mixte s
are dricd with phosphoras pentoxide <208,

Low Temperatures. - At the teimpersture of
lguid air the lower funit of methane with
downward propagation of flame m a tabe 2.5
e inshiameter and 40 em. i lengih, open at
the firing enedl s 7.5 2 0.3 pereent (1{01, In
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the same circumstances, but at room tempera-
ture, the limit is 6.1 percent.

Influence of Pressure at Various Tempera-
tures.—The curves of figure 17 show the limits
of flammability of methane-air mixtures at
20°, 250°, and 500° C. at all pressures below
atmospheric. The limits were observed in a
closed tube 2 cm. in diameter and 50 em. in
Jength (235).

A mixture of 2.1 percent methane in air was
ignited by sudden compression to 80 atmospheres
pressure, which produced & temperature of
705° C., and a mixture of 53 percent methane
at 118 atmospheres and 540° C'. (87).

Influence of Impurities.—The lower limit of
methane in air, with downward propagation
of flame, was raised about 1.3 percent by iron
carbonyl (0.03 ce. liquid vaporized per liter).
The higher lmit was reduced from 13.0 to
10.5 percent by the same quantity of iron
carbonyl (325).

METHANE IN OXYGEN

The limits of methane in oxygen, with
upward propsgation of flame in & 2-inch-
diameter tube open at its lower end, are 3.15
and 60.5 percent (138).

Table 15 gives other determinations of the
observed limits of methane in oxygen.

Tanre 15.—Swmmary of other determinations of
Limits of flammebility of methane in orygen

!
Limit, percent »
Relerence
Firingend o

Lower Migtwi:

Upwcrd Propagation of Flome

Dmensions of
tube, cm,

i
Diameter | Length

f

Opeent. e R

24 150 - ”
Horizontal Propagation of Flame
13, minm BRI R =r
) ]
' i :
Downward Propagation of Flome
S - . I -
23 l 1% Open L i
2032i..... Chet S 4 IR
19! dn i . Y
19, g A LS "
| B o a6 M LT
; W oo 0
Propagation of Flame 1n Globe or Bomb
2.5 Yters runrlu_.,,_.f Chrewnt | .. 9 . | 2
3 0C. copRaciLy. Coode e 5., "
Wec capacity ... Lo o ®.9: o

Influence of Pressure.—The limits of methane
in oxygen were not appreciably narrowed until
the pressure was reduced below 150 mm. A
moderately streng igniting spark was used

(65). With a stronger spark the limits did not
coincide until the pressure was reduced to
10 mm. (80). A curve has been obtained
for results in a burette (86).

The higher limit is increased by an increase
of pressure above atmospheric. One obser-
vation (337}, incidental to other work, is that,
at 10 atmosplieres pressure, a mixture contain-
ing 71 percent methane slowly propagated
flame.  In 4 small bomb (58) the higher limit
rose rapidly from 58.4 percent at 1 atmosphere
to 81.7 percent at 60 atmospheres, then siowly
to 8% pereent at about 145 atmospheres;
however, the mixtures contained about 4.5
pereent nitrogen, and the limits would be some-
what higher 1 pure exygen.  Combustion was
far from complete in such mixtures under
moderately high pressure.

Influence of Temperature.—In a 35-cc. closed
bulb the limits were 6.2 and 57.1 at 15° C.
and 5.1 and 37.8 at 300° C. {297).

Influence of Temperature at High Pres-
sures.—As the temperature is raised, the pres-
sure required to make certain mixtures of meth-
ane and oxveen flammable decreases. For
example, the pressure limit of u mixture con-
taining 81.7 percent inethane at atmospherie
temperature was 60 atmospheres, but at 332°
C. it was only about 21 atmoespheres (58,
Curves that show the higher Limit at elevated
temperntures and pressures are given in the
original paper.

METHANE IN OTHER ATMOSPHERES

Atmospheres of Composition Between Air
and Pure Oxygen.—The limits of methane in
mintures of pitrogren and oxygon richer inoxyeen
than ordinary air have been fouad as (ollows:
(1) Tn a closed globe 2.5 liters in capacity the
lower limit rose recularly from 3.8 pereent in
air 1o 6.6 pereent i oxvgen (670 (D ‘noa
horizontal ghi<s tube 2.5 en tn diseter, open
at the firing end. the lower limat fell from 5.8
{wrm-nl- W ae o A7 pereent in oxvien, and the
icher Limit vose linearly from EL3 0 owir to
50.2 i oxveen (ISH: (3 in a4 closed tube 18
cw,in dhangeter the Jower limit with downward
propagation of flame rose reculasly from 6.15
{wrs-pm. i AIF to 6,45 percent it oxveen, The
ngher It rose from 12 pereent i air to 38
pereent 10 A S2-prereent oxveen mixtire aod 32
prrvent 1 a 95-peicent oxXvpeen mixture (329

Atmospheres of Air ang Nitrogen (Air De-
fcient in Oxygen).—Llarge—cale  expersments
with mixtures of methane, air and nitrogen have
been made in s tabe 7 fect in length and 1o
inchies i dinmeter, with upward propagation
of flame fram the open end of the tulwe; the
mixtures throughout were at atmaozpherie pros-
sute and were saturated with weter vapor,
The range of observations shown in figure 20
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Finvre 20 -

covers all compositions from air to mixiures
in which the amount of oxvgen is tee smail for
flame propacation, regardless of the anwunt of
ttethane present. The absissas represent the

“atmnosphere”™ in cach mintere of air and
mitroren: for example, 25 pereent “rdditional

nitreen”™ menns that the “atweesphere”™ aised
for the n'N rvations was congrosed of 75 pereent
gir and 25 pereent nrogen, Aonye the top of
the dm;_mn: the corrcsponding percentnees of
oxveen in the atmesphiere may be read. 1t s
evident that no susture of methane is lammakbde
at ordinary temperntures and pressuress when
the atmosphere contnmns fess than BXS percent
axyveen and the remainder 1< atragen i),

Yo pesults of observations mads m simaller
apparatus are shown in figu=e 21, In a S-em.
tube, with upward propagation of tlane in a
dry nusture, the Lmits nearly comide wilh
those plotted in figure 200 The theee carves

“Limits of Flannnalahity of Moethane o Mixtares of Air and Nittogen (Eaperiments iu Large Vessais),

that show narrewer limits represent  experi-
mient= i various 1vpes of apparstus with
downward propagation of flame. Oue eurve
shows greater values over part of the higher-
fimt renzces the values were obtained in s
closed vessel in which the pressure ros con-
sidersbiv during the wflanuastion, snd inerease
of pressure 15 known to increase markediy the
lnz‘u-r hout of methane,  The Limua of these
mixtures with downward propagation of flame
in g closed tabe 2.2 cmein diameter S0 and
i a closed glass bulh 65 eme o dinmcter (209)
have also been deterimued.

For soine purposes the results are more useful
when expressed (02w figure 22, For ex.
ampic, it cannot be deduced from figure 20
without caleulations, that the mixture

Fail, ]
Methene | . 12
Oxygen 2
Nitrogvn N6
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cannot form an explosive mixture with air,
whatever the proportions used, whereas the

mixture .
Percent
Methane_______. ... _.. _.__.._. ... . %
Oxygen_._._..__... e e 12
Nitrogen_ ... ._ ... ... ... . 79

although not itself explosive, may {oem a series
of explosive mixtures with air. ¥igure 22 gives
this information at a glance.

Explanation of Figure 23.—Figure 23 explains
fioure 22. The straight line AD (fig. 23) repre-
sents the composition oi ail mixtures of methane
and pure air that contain up to 20 percent
methane. No mixture of methane and air can
fall above this line, and sall mixtures of methane,

air. and nitrogen must fall below it.  The line
BE is the line of lower Himits of flammability of
methane and CF the line of higher limits.  As
the oxygen content falls, BE and CF appreach
cach ataer until they meet ut K. No mixture
which contains less oxygen than that corre-
sponding with Eis explosive ;or =¢, but all mix-
tures in the area BE( are within the limits of
flammabilitr and ave therefore explosive.

Next consider any mixture to the right of the
iine CEF: for example, the mixture represented
by the point G. Join 4. Then GA repro-
sents the mixtures formed, in suecession, as @
is diluted with air.  Because 6.4 passes through
the area BEC the mixture, as it 1s diluted with
air, becomes explosive and remains so as long

02 IN ORIGINAL ATMOSPHERE. PERCENT
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Froome 28.—Limits of Fiamnainlity of M thane in Mivianes of Air and Nitrogen: Compari-on of Kesuits Obtained
in Suoadler Vessels,
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Fisvre 22.--Relation Hstween Quantitative Composition and Flammability of Mixtures of Methane, i, and
Nitrogsn,

as its composition is represented by oy point
ot ¢

Ji will now be hear that the posiion of FF
5 exactly defiaed by drawing & tangent from
A to the eneve FEC and extending the tangent
to mect the axis of absosaas in FL baeause ths
line foining any poind shove and to the bt
of FE 10 ¥ must pass throneh 880, while the
line joming any point below and to the loft of
FEvo A must fail to pass through the explisive
region BEC. FE & therefore the baundary of
those nustures capable of forming explosive
maxtures with iz

Figare 22 shows cleary that any mnxture of
methane ard nitrogen that contats more than
ghoat 143 poreent methane can form explosive
mintures with e Hooxvgen s prosent a
correspondingly  smaller amount of methsne
sufhiees,

Mistures of methane, nitrogen. and oxvien
that are represented by any pownt in the aren
DCEE of fare 23 cua form explosive nmxtares
when mirvd wath air i suitable proportions,
i it is of interest to know what these propor-

tions are—~and if there is & wide range of pos-
sihle #xplosive mixtures the danger s g0 much
the greater~then they can be found from the
following consuierations:

Suppese the mixivre of methane, nit 0,
and oxygen s represented by the pont  in
the aren L00ORFE then the straight line .4 repre-
sents all posible misturs of the origingl sux-
ture and air. As the original mixture & diluted
step by step with air, the composition of the
Bew mixtzre gs regresenisd by pmints farther
and farther aleng G The sie puntuare finst
Leconges explesive jpor s ai the poin? AL where
£ Vorosses £60 The higher ot of the arpinal
minture 1< defiped by this pomt: the fower it
of the original ixtuge w defined by the pont
Joer which the G4 enic BB

The ratio AF ;1767 1 the ranio o oniginal
wixtnie o i i the upperhant mnture,
and the mtio (W - J6 s the ratio for the funers
it mixiare.  Henee the it of thassma.
hitity o $he origing] einnare gee given i per
ventuzes) be pon W dower lunit) and 100
AH G Qagher i) (62).
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METHANE, PERCENT

Frovne 23, - Explanation of figure 22,

All Atmospheres of Oxygen and Nitrogen.- -
Limits of methane in these atmospheres Linve
been determined with downward propagation
of flame in a B T-emodinmeter tube (2500

Axmospheres of Air and Water Vapor. Ob-
servations that show the small ditference in the
Hmits of methane in ary nir and inair saturated
with water vapor at halmrulmy temperstures
are quoted under Effect of Small Chunges in
Aimospherie Compuosition (p. 3),

The effi et of large amounts of water vapor
on the luaits of methmne i air is shown n
figure 24, The determinations were made in a
tube 3 feet in lengih and 2 inches  dinmater,
with upward propagation of ilame at atmos-
pheric pressure during propazation (67). For
cach experitnent the tube was heated to the
temperature necessary to maintain the required
amount of water vapor. Houce, most of the

observations were made at temperatures above
noranl.  Had it been possible to experiment
at normal tempernture, the curve probably
would have been a littio to the right of the
carboiy dioxide eurve over the lowsr-hmit runice
and nt the nose, but the two curves would have
coincided over most of the higher-limit range.

Siglar experinients have beep made in s
closed 330-cc. spherical vessel with a “natoral
gas' comaining 97 pereent methane. 4 percetit
sthane.  Similar results were ol»tuinm!, with
somewhat smaller lhuits, which met at about
6.3 pereent gas in noanisture containing about
30 pereent of water vapor (368).

Atmospheres of Air and Carbon Dioxide.—
Figure 25 shows the limits of methane in mix-
tures of air and earbon dioxide saturated with
water vapor.  The tests wern made ina tube
7 feot in length and 10 inches in diameter, with
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~t.—Limits of Flammability of JMethane in Separate Mixtures of Air with Carbon Dioxide, Water Vapor,

Nitrogen, Helium, ard Argoun.

upward propagation of flame from the open
end of the tube. In these «-in-umslmu-.»< no
mixture of methane with na atmosphere com-
posed of air and 24 percent or more earbon
dioxide s enpablo of propegating tlane far
from the ource of ipnition (70)

Observations mado in smaller apparatus are
shoan in ficure 26, The results obtsined na
S-cm. tube with dry gnses show, in general,
shichtly wider mnge of ﬂmnm.‘lulm than thnw
nMum('d e 2-em, tube with wases snturnted
with waier vapor (fig. 25; for oxample, tlie
cotmnletely extinetive atinosphere m the 3-cm.
tube contains 25 pereent enrbon dioxide com-
wired with 24 poreent in the wider vessel, The
}uur curves showing nareower Linits represont
experinients in various vessels with downwaid
vrepag.tion of flame,

Tiie limits of these mixtures with downw ard
propagation of ﬂunu- in & tube 22 em, on
dipmeter (3470 and in a closed glass bulh 6.5
ent. in hinmeter (2004) have ulso bheen deter-
nmined,

Influence of Tezaperatusce. — The limits of fire-
damp in atmospheres of eir “and eavhon dioxido
have been determined from 100° to 600°
The firodamp used contained 73.8 percent
mothane and 26.2 percent nitrogen. The

observations were made in a horizontal glass
tube 2 eni. in diameter and 100 e an leagth.
The results are expressed in «urves which show
the limits of methane in the various atmos-
pheres of air, carbes dioxide, and such addi-
tional nitrogen a. was duee te the firedamp itself.,
The curves are of the sume type as those of
ficure 25 und show an inercuse in the range of
flanymabitity of all mixtures as the tempera-
ture is increased (19)

Atmospheres of Air, Nitrogen, and Carbon
Dioxide {Including Mixtures of Air and Biack-
demp).—The limits of methene in atmospheres
of air, nitrogen, and carhon dioxide are plotied
in figure ‘27, thoy were olrained with roaghly
dried gases i n tube 2 inches in dinmeter, with
upward propagation of flame from the open
and of the tube, The boundary at the right
of the series of curves gives the limits in all
atmospheres of ordinary air and carbon dioxide
mixe i in any proportions.  The straight-line
boundary at the Jeft of the series of curves
eives, with the csygen figures inserted Ghereon,
the Limits in all atmospheres of air and nitrogen
mixed in any proportions. The whole arca
betwern represents the himits in atmosphers
which are deficient in oxygen and also contain
carbon dioxide.  When the deficiency of oxygea
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Fiavre 20, Limit= of Flammability of Methsuoe in
Mixtures of Air and Carbon Dioxide (Experiments
in Large Veascln),

is replaced by an equal amount of earbon diox-
ide, as would oceur very nearly in the com-
bustion of coke, these atmospheras and the cor-
responding methune limits are all represented
by points on the broken curve The region
right of the broken curve represents hamits in
atmospheres formet by the replacement of
oxygen with mere thae an equal volume of car-
bon dioxide. Tho region left of the broken
Curve represci-:s tun'ts in atmospheres formed
by the replacement of exygen with less than
an equal volume of carbon dioxide.  Atmos-
pheres of this type are produced by erdinary
combustion, by respiration, end by mixing
blackdamp and ar (68).

As the composition of blackdamnp is varialle,
its cffeet on the limits of metl, ne is shown 'n
figure 28 for a range of vanations i composi-

1 Bar reference 2 for entliar observationn, made Lo & Bunte burstia

tion. ‘These curves show that the lower limit
of firedamp is increased only slightly by the
presence of blackdamp and that the danger of
an explosion of firedump is not removed by the
presence of blackdamp, unless the amount of
blackdamp is eo bigh that the atmosphere is
not fit to work in even if gas masks are worn.
An artificial supply of oxygen or air would be
necessary for work in an atmosphere of black-
damp and eir incapable of propagating an
wxplosion of firedamn (68).

Figure 22 may be used to determine whether
ary given mixture of firedamp, blackdamp, and
awr is explosive or ean explode i{ mixed with a
suitable amount of air. ‘The mixture is anal-
vzed to determine the proportions of methane,
oxvgen, nitrogen, and carbon dioxide present.
The earbon dioxide is assumed to be replaced
by an equal volume of nitrogen, and the infor-
mation required is read from the figure, as ex-
plained cn page 46; in a coal mive the amount
of carbon dioxide in such mistares is about 5
or ¢ percent (often less, rarelv more), and the
error introduced by considering this us nitrogen
is small and on the side of sufety (62).

Cxperiments with the same gases in small
apparatus, with downward propagation of
flame, have been reported, but on account of
the experimental conditions the limits through-
out are narrower and the extinetive amounts
of inert gas are much less than these quot.d
above (309),

Atmospheres of Air and Argon or Helium.—
Figure 24 shows the inflienee of nitrogen, water
vapor, and ecarbon dioxide on the limits of
flammability of wothane inoair, with upwaed
propagaiion of flamne in a tube 2 inches in dinm-
eter, with the firing end apen. The differem
effects of the three gases ure aseribed to their
diflerent heat capsr Cies:as carben Jlloxide has
the greatest heat capacity, it has the greatest
extinetive effeet on flane. The corresponding
surve for argon in the same lignre agrees with
this supposition, as ergon has a smalier heal
capacity than nitrogen. The enrve for heliam,
a gas of hent capacity equal to argon, shows
that this is not the only factor determining the
extinetive offect of an inert gas: apparvently the
high thermal conduietivity of helium makes it a
more cofficient flame extingnisher than argon,
It seems, however, that the effect of different
thermal conductivities is insignificant unless the
difference is greet (82).

The order of increasing elficacy of diluents,
according to figure 24, is A, He, N (O, Ex-
peviments with similar series of mixtures in
narrow {ubes (1.6 and 2.2 en. in diameter), for
downward propagatior of flame, showed the
same order of efficavy, exeept that the position
of heltwm in thie series varied with the hameter
of the tube and. perhaps, with the sirength of
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Fiourg 26.— Linuts of Flammability of Methune in Mixtures of Awr and Carbon Dioxide; Comperison of Results
Obtained in Smaller Vessels,

the pmiting snark.,  {For a discussion of ihis
nmportant poind, sce p.3.)

‘he breken line in figure 24 is the locus of
mixtures in whieh the ratio of methane to
oxvgen is that required for complete combus-
liOH, (“llq : 2()2.

Atmospheres of Air and Sulfuryl Chloride,
Silicon Tetrachloride, Silicochloroform, and
Phosphorus Oxychloride.—~The limits of meth-
ane n air with verious ameunts of sulfuryl
chloride, silicon tetrachloride, silicochloroform,
and phosphorus oxyelloride have been deter-
mined in # burette 16 or 17 mm. in diameter
(186, 195).

No mixture of methene and air containing
more than 1.2 pereent of phosphorus oxychlo-
ride was flammable in a (4.4-mm.-dameter
tube, by & spark peesed ot the uppei end of the
tube, but mixtures containing up to 3.9 percent

could propagate flaine upward in a 5-cm. tube
(183).

Atmoapheres of Air and Certain Halogenated
Hydrocarbons.— Fiyrure 29 shows the influence
of certain chlorinated hydrocarbons, mixed in
the stated amounis with air, on the limits of
flammability of methane in & tube 2 inches in
diameter with npward propagation of flame
from the open vm‘. Part of the carbon diexide
curve ig inserted for comparnson (77).  The
carbon tetrachloride curve has recently been
redetermined independently, with nearly the
same results (38).

The curves for trichlorocthylene and tetra-
chlorocthylene are ineomplete; the experiments
were carried to the point at which the utmos-
phere was satursted with these vapors at labo-
ratory  temperature.  Tetenehloroethane and
pentachloroetnane, up to the saturstion point,
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Fievre 27.—Limits of Flammability of Methane in Mixtures of Air, Nitrogen, and Carbon Dioxide,
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Fraure 20.--Limita of Flammability of Methane in Mixtures of Air with Certain Chiorinated Hydroearbons and
with Carbon Dioside.

behave like inert diluents whose offect is to he
attribuled to their thermal enpacities.  The
ethylene derivatives, however, contribute to the
flammability of the mixture, henee the lower
limit of methane falls with an inerease in the
proportion of vapor; the higher Hmit also {olia
rupidly for the same reason. The order of in-
creasing combustibility is € Cle——2Col1Cl——
CHLClyy the tast vapor forms flammable mixe
tures with air without the hielp of any methane,

The extinetive effeet of carbon tetrachloride
on methane flames is due apparently entively
to its lugh thermnl enpreity. Volume for
volume, carbon tetrachlonde vapor is twice as
extinetive as carbon dioxide, as the presence of
12.5 pereent earbon tetrachloride in air renders
the mixture incapable of propagating flame,
whereas 25 pereent earbon dioxide is necossary
for the same effect.  Equal volumes of the two
liguids. however, kave approximateiy  cqual
extinctive effeet,

The addition of increasing amounts of methyl

bromide to the air causes the limits of methane
to appronch and, in a 2-inch-dinmeter tube,
to meet at gbout 6 pereent methane when 4.7
{.)vr(-uul of the mixture is methyl bromide (38).
‘or a comunent, compare the corresponding
paragraph on hydrogen {p. 22). An older
geries of experiments (263, made in almost
identical eirermstances, suggosied  higher re-
sults for both hmits througheut the whole
range of methyl bromide esneenrations; these
are partly explained by the eriterion of “tm-
mability” adopted for the older experiments,
which was propagation of flame for at least
I8 inches, not for the whole length of the tube.

The extinetive  effeet of  diehloraditiuoro-
methane on methane flames (168) 18 almost
exartly equal to that of carbon tetrachloride
vapor, val e for velume,

Series of experiments with halogen deriva-
tives, in narrow vessels with downward propa-
gution of tlame, have been reported (193, 197,
198, 199, 200) and discusscd (71).
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Atrmospheres in Which the Nitrogen of the
Air Is Replaced by Carbon Dioxide, Argon, or
Helium.—The limits of methane in atmospheres
in which the nitrogen of the air is replaced b
(a) carbon dioxide, (b) argon, (¢) heltum, wit
upward propagation of flame in a 5.3-cm.-
diameter tube open at the lower end, are (a)
coincident at 9.0 percent, (b) 4.01 and 17.3
percent, and (¢) 4.83 and 16.1 pereent, respec-
tively, in comparison with 5.26 and 14.3 per-
cent in air. When the diameter of the tube
is incvreased to 10 em., the lower limit in the
argon mixture is unaffected, but in the Lelium
mixture it is reduced to 4.5 pereent, showing
that with hielium mixtures in 5-em. tubes the
cffect of the loss of heat to the walls is not
negligible (94).

n a horizontal tube, 2.5 cm. in diameter,
open at the firing end, the corresponding results
are (2 4.40 and 15.80 percent and (b) 5.55
and 25 perees:t (73).

11 a closed globe of 35-ce. capacity, with side
ignivion, a correspouding result is (¢) 8.9 and
11.7 percent methane (297).

Influence of Temperature.—In &n atmos-
phere of 20.9 percent oxygen and 79.1 percent
carbon dioxide, the limits in a closed 35-cc.
globe were slightly widened by increase of
temperature to 306° C. (297).

Atmosphercs of Oxygen and Carbon Dioxide,
and of Oxygen and Argon.—Limits of methane
in these atmospheres have been determined
with downward propagation of flame in a
1.7-cm ~diameter tube (345).

Atmospheres of Oxygen and Carbon Dioxide,
Oxygen and Sulfur Dioxide, Nitrous Oxide and
Ceurbon Dioxide, Nitrous Oxide and Sulfur
Dioxide, and Oxygen and Nitrous Oxide.—
Linnts of methane in these atmospheres have
been determined at pressures ranging from
600 mm. down to the point of coincidence of the
limits (ov).

Atmospheres of Nitrous Oxide and of Argon
Mixed With Nitrous Oxide. The limits of
methane in nitrous oxide, with downward propa-
gation of flama in p closed tube ahout o mm,
in dinmeter, are 2.2 and 36.6 pereent (200), 3.9
and 36.3 pereent (33N and 4.1 and 41.2 pereent
af 600 mm. pressure (89 Inoa mixture of 2
volumes of nitrogen and [ of oxvgen, cquivalont
to nitrous oxide, the limits under simitar condi-
tior < are 4.3 und 22,9 pereent. The progressive
addition of argon marrows the range, and no
mixture with nitrous oxidoe is flammable under
the conditions stated if it containg more than
about 80 pereent argon, or with the mixture of
2N+05 of it contains more than about 67
pereent argon (204),

Atmoesphere of Nitric Oxide.—The limits of
methane in nitrie oxide, with downward propa-

gation of flame in a closed tube 15 mm. ip
diameter, are 8.6 and 21.7 percent (339).

Atmosphcres of Nitrous and Nitric Orides.—
The region of flammability of mixtures of
methane with mixtures of nitrous and nitrie
oxides is plotted in a triangular diagram (339).

influence of Small Amounts of “Pro-
moters.”—The addition of about 0.5 percent
of various possible “promoters” (dicthy! perox-
ide, ethyl nitrate, ozone, ether, ethyl alcohol)
had little more cffect on the limits of methane
in air (upward propagation) than that due to
the thermal effeet of their reaction, With
nitrogen peroxide, 0.5 percent recuced the
lower limit by 0.33 percent (93) and 0.2 percent
by 0.26 {mrcont (70). The lower limit with
downward propagation was not appreciably
affected by up to 1.0 percent of nitrogen
peroxide (70).  With methyl isdide, 0.5 percent
reduced the range from 5.26 to 14.3 percent to
6.29 to 12.3 percent (93).

Dilution of CH,-+20, With Gases, inert or
Otherwise.—The following results were obtainod
with downward propagation of flame in a Bunte
burette 1.9 ¢m. in diameter.

Effects of diluents upon flammability of CH, + 20,

Amount of CH;4+20; which,
with diluent named, ts presend
at limit of flammadility, percent

Diluent:
Oxygen__...._.... . P O
Nitrogen____._ .. . ... 233
Clarbon dioxide . . L. ... 319

Nitrogen has a greater extinctive action than
oxyyen, although it has less heat capaeity;
carbon dioxide, which has nwuich greater heat
cup;wity, also has & greater extinetive action

With urwnrd pmrngntion of flame in a tube
5 em. in diamgtor, the limits wers found by the
writers to be 11.85 pereent CH 420, when
diluted with argon and 150 percent whan
dilited with helium,  The effeet of the ditfor-
enee in thermal conductivity is noteworthy,

ETHANE
ETHANE IN AR

The limits of ethane in air, nearly dry, with
upward propagation of flanie in a tube 5 em,
in dinmeter, open at the firing end, were found
#1 various times to be 3.22 and 12.45 percent
(74), 3.1 and 12.5 (146), and 2.90 an(‘ 12.50
pereent (138),

Table 16 summarizes other determinations of
the limits of ethane in ajr,

The higher Jimit varies more thar the lower
with the dircetion of propagatien of flame. In
closed tubes the higher limitis upparently much
affected by tho pressure developed “during
inflammation.
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Dimensions of
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Summary of other determinations of limits of ¢thane in air

. |
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: *’! ng = ‘ : | aqueous vapor No.
Diameteri Iength I Lower Higher
B — e S
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] i
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Fiovne 30.—Influence of Pressure ou Limits of Sam